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ABSTRACT 
Pre-­‐implantation	  embryos	  develop	  into	  9	  stages	  over	  the	  first	  5	  days	  post-­‐fertilisation. Calcium	  influx	  from	  the	  external	  environment	  via	  calcium	  channels,	  including	  the	  L-­‐type	  and T-­‐type	  calcium	  channels,	  is	  critical	  for	  embryonic	  gene	  activation	  and	  cell	  proliferation.	  In cardiomyocytes	  these	  channels	  are	  regulated	  by	  the	  ubiquitously	  expressed	  zinc-­‐transporter protein	  ZnT-­‐1.	  When	  plasma	  membrane	  bound,	  ZnT-­‐1	  facilitates	  zinc-­‐efflux.	  Free	  cellular zinc	  regulates	  ZnT-­‐1	  expression,	  with	  an	  increase	  in	  zinc	  inducing	  transcription.	  In	  this	  study, ZnT-­‐1	  mRNA	  and	  protein	  expression	  were	  investigated	  in	  pre-­‐implantation	  embryo	  stages using	  qPCR	  and	  immunofluorescence.	  Embryos	  were	  cultured	  in	  vitro	  in	  zinc-­‐supplemented media	  and	  compared	  to	  embryos	  cultured	  in	  the	  absence	  of	  zinc	  and	  to	  in	  vivo	  developed embryos. ZnT-­‐1	  mRNA	  was	  expressed	  at	  all	  stages	  and	  the	  presence	  of	  zinc	  increased ZnT-­‐1	  mRNA	  expression	  at	  the	  late	  2-­‐cell	  stage	  only.	  There	  was	  no	  difference	  in	  expression between	  in	  vivo	  developed	  and	  cultured	  embryos.	  ZnT-­‐1	  protein	  was	  expressed	  from	  the	  early 2-­‐cell	  stage	  onwards;	  not	  affected	  by	  zinc-­‐culture	  and	  localized	  to	  the	  plasma	  membrane	  at the	  late	  2-­‐cell	  stage	  only. Calcium	  imaging	  was	  performed	  to	  examine	  whether	  ZnT-­‐1	  membrane	  localization	  altered calcium	  influx.	  Experiments	  on	  early	  and	  late	  2-­‐cell	  embryos	  showed	  that	  there	  was	  no difference	  in	  calcium	  influx	  when	  ZnT-­‐1	  was	  localized	  to	  the	  plasma	  membrane. In	  summary	  ZnT-­‐1	  transcription	  was	  induced	  by	  zinc	  at	  the	  late	  2-­‐cell	  stage.	  Protein expression	  was	  not	  affected	  by	  zinc	  culture	  but	  was	  developmentally	  regulated,	  localizing	  to the	  plasma-­‐membrane	  at	  the	  late	  2-­‐cell	  stage	  without	  effect	  on	  calcium	  influx. 
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1.1	  Embryology-­‐	  The	  oocyte,	  fertilisation	  and	  the	  preimplantation	  embryo 
1.1.1	  Overview	  of	  embryology There	  are	  three	  phases	  of	  embryology-­‐	  meiosis,	  fertilisation	  and	  mitosis.	  Meiosis	  is	  the phenomenon	  of	  genetic	  shuffling	  between	  chromosomes	  and	  subsequent	  establishment	  of haploid	  germ	  cells	  or	  “gametes”-­‐	  termed	  “oogenesis”	  in	  females	  and	  “spermatogenesis”	  in males. Fertilisation	  is	  the	  event	  identified	  by	  sperm	  and	  oocyte	  fusion,	  resulting	  in	  the	  formation	  of	  a diploid	  “zygote”	  which	  possesses	  a	  completely	  unique	  genomic	  sequence.	  Mitosis	  is characterised	  by	  the	  successive	  cleavage	  of	  the	  zygote	  into	  identical	  cells.	  In	  somatic	  cell division	  each	  cell	  approximately	  doubles	  in	  size	  prior	  to	  cleavage,	  however	  in	  zygote cleavage,	  each	  daughter	  cell	  is	  approximately	  half	  the	  size	  of	  its	  respective	  parent.	  This cleavage	  and	  proliferation	  is	  a	  crucial	  process	  in	  the	  development	  of	  the	  single-­‐cell	  zygote	  to a	  large	  multi-­‐cellular	  organism. 
1.1.2	  The	  oocyte The	  female	  germ	  cell-­‐	  termed	  the	  “oocyte”,	  grows	  and	  develops	  in	  the	  ovary	  whilst	  contained within	  multiple	  layers	  of	  follicular	  cells.	  Numerous	  specialised	  gap	  junctions	  that	  support metabolite	  transfer	  project	  from	  the	  follicular	  cells	  and	  are	  sustained	  despite	  the	  synthesis	  and deposition	  of	  a	  thick,	  acellular	  material	  known	  as	  the	  “zona	  pellucida”.	  The	  zona	  pellucida, composed	  of	  3	  glycoproteins-­‐	  ZP1,	  ZP2	  and	  ZP3	  (Wassarman	  1999),	  separates	  the	  oocyte from	  follicular	  cells	  and	  also	  contains	  species-­‐specific	  sperm	  receptors	  on	  its	  surface	  as	  well	  as the	  function	  of	  blocking	  penetration	  by	  multiple	  spermatids	  (Bleil	  et	  al.	  1980;	  Hogan	  B.	  1994) Throughout	  the	  growth	  of	  the	  oocyte	  and	  development	  of	  the	  follicle,	  from	  the	  primordial	  to antral	  stage,	  the	  oocyte	  undergoes	  intense	  transcription	  and	  translation	  resulting	  in	  RNAs	  and protein	  for	  immediate	  use	  and	  storage	  for	  later	  purposes	  (De	  La	  Fuente	  et	  al.	  2001;	  Lequarre 
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et	  al.	  2004).	  These	  products	  derived	  from	  the	  oocyte	  genome	  support	  oocyte	  growth	  and development	  before	  the	  oocyte	  becomes	  transcriptionally	  silent	  and	  arrested.	  Transcriptional activity	  is	  not	  again	  resumed	  in	  the	  mouse	  until	  the	  2-­‐cell	  stage	  (Su	  et	  al.	  2007).	  Mammalian oocytes	  are	  arrested	  in	  Metaphase	  II	  at	  ovulation	  and	  remain	  in	  this	  state	  until	  activated	  upon fertilisation	  (Jones	  2007).	  The	  number	  of	  oocytes	  ovulated	  at	  any	  one	  time	  differs	  between mammalian	  species,	  with	  mice	  producing	  approximately	  10	  oocytes	  and	  humans	  producing approximately	  1.	  Failure	  of	  fertilisation	  results	  in	  degeneration	  of	  the	  oocyte(s)	  (Wassarman 1999). 
1.1.3	  Fertilisation In	  mice,	  approximately	  58	  million	  spermatozoa	  are	  released	  into	  the	  female	  reproductive	  tract upon	  ejaculation,	  the	  number	  of	  which	  actually	  reach	  the	  oocyte	  being	  approximately	  0.002% of	  that	  number	  (Wassarman	  1999).	  In	  order	  to	  become	  capable	  of	  fertilising	  an	  oocyte, mammalian	  spermatozoa	  must	  first	  undergo	  several	  metabolic	  changes	  within	  the	  female reproductive	  tract	  known	  as	  “capacitation”,	  a	  phenomenon	  associated	  with	  a	  high	  rate	  of sperm	  motility	  and	  poor	  forward	  movement	  known	  as	  hyperactivation.	  In	  vitro,	  human	  sperm have	  shown	  peak	  hyperactivation	  within	  1-­‐3	  hours	  of	  incubation	  (de	  Lamirande	  et	  al.	  1993). Following	  capacitation,	  the	  spermatozoa	  undergo	  the	  acrosome	  reaction-­‐	  a	  process	  that involves	  the	  fusion	  of	  membranes	  surrounding	  the	  sperm	  head	  (de	  Lamirande	  et	  al.	  1993). Sperm	  release	  the	  enzymes	  acrosin	  and	  hyaluronidase	  which	  function	  to	  degrade	  the	  cumulus mass	  and	  zona	  pellucida	  that	  surrounds	  the	  oocyte	  and	  thus	  facilitates	  fertilisation	  (de Lamirande	  et	  al.	  1993). Fertilisation	  in	  placental	  mammals	  occurs	  in	  the	  ampullary	  region	  of	  the	  oviduct	  (Shalgi	  et	  al. 1988)	  and	  is	  characterised	  in	  mammalian	  zygotes	  by	  transient	  calcium	  oscillations	  (Miyazaki et	  al.	  1993;	  Jones	  1998),	  at	  which	  point	  the	  oocyte	  is	  released	  from	  Metaphase	  II	  arrest	  and 
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activated	  (Tombes	  et	  al.	  1992).	  The	  oscillations	  result	  from	  calcium	  released	  from	  the endoplasmic	  reticulum	  (ER)	  principally	  through	  the	  activation	  of	  inositol	  1,4,5-­‐triphosphate (InsP3)	  receptors	  (Miyazaki	  et	  al.	  1993;	  Jones	  1998).	  Phospholipase	  C	  ζ	  (PLCζ)	  has	  been identified	  as	  a	  sperm-­‐specific	  PLC	  (Saunders	  et	  al.	  2002)	  that	  is	  responsible	  for	  the	  hydrolysis of	  phosphatidylinositol	  4,5-­‐bisphosphate	  (PtdInsP2)	  to	  InsP3	  in	  the	  oocyte	  (Saunders	  et	  al. 2002),	  which	  generates	  a	  second	  calcium-­‐releasing	  messenger-­‐	  Ins(1,4,5)P3	  that	  stimulates	  the opening	  of	  Ins(1,4,5)P3	  receptors	  that	  allow	  calcium	  release	  into	  the	  cell	  (Figure	  1.1)	  (Ozil	  et al.	  2001).	  Hence	  the	  calcium	  oscillations	  are	  triggered	  upon	  fusion	  of	  the	  spermatid	  with	  the oocyte.	  Once	  released	  from	  arrest,	  the	  fertilised	  oocyte	  (now	  termed	  a	  “zygote”)	  proceeds	  to develop	  through	  several	  preimplantation	  stages. 
Figure	  1.1	  Oocytes	  are	  activated	  and	  released	  from	  Metaphase	  II	  arrest	  upon	  fertilisation-­‐ induced	  calcium	  oscillations.	  (Adapted	  from	  Swann	  et	  al.	  2004) 
1.1.4	  The	  pre	  implantation	  embryo The	  pre	  implantation	  embryo	  denotes	  the	  stages	  of	  development	  from	  fertilisation	  through	  to implantation	  into	  the	  uterus,	  in	  which	  several	  primary	  transitions	  are	  observed	  (Shi	  et	  al. 2009):	  fertilisation,	  at	  which	  point	  the	  diploid	  cell	  is	  referred	  to	  as	  a	  “zygote”;	  subsequent	  cell 
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cleavages	  into	  the	  2-­‐cell,	  4-­‐cell	  and	  8-­‐cell	  embryos;	  compaction,	  and	  division	  into	  the	  morula and	  blastocyst	  (Figure	  1.2).	  The	  blastocyst	  comprises	  of	  two	  cell	  types:	  the	  inner	  cell	  mass, which	  will	  develop	  into	  the	  embryo	  proper	  and	  the	  outer	  trophectoderm	  which	  will	  develop into	  extra-­‐embryonic	  tissues.	  At	  the	  blastocyst	  stage,	  the	  embryo	  hatches	  from	  the	  protective zona	  pellucida	  and	  is	  subsequently	  competent	  for	  uterine	  implantation	  (Wang	  et	  al.	  2006). 
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A 
B 
Figure	  1.2	  The	  preimplantation	  embryo:	  (A)	  the	  fertilized	  oocyte	  i.e.	  “zygote”	  undergoes several	  cleavage	  events	  before	  ultimate	  development	  into	  the	  blastocyst	  at	  which	  point implantation	  occurs.	  (B)	  The	  oocyte	  ruptures	  out	  of	  the	  ovary	  with	  the	  developing preimplantation	  embryo	  traveling	  down	  the	  fallopian	  tube	  and	  implanting	  into	  the	  endometrial lining	  of	  the	  uterus (Adapted	  from	  http://humanphysiology2011.wikispaces.com/15.+Reproductive+Physiology) 
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1.2	  Assisted	  reproductive	  technology	  addresses	  infertility	  complications 
1.2.1	  In	  vitro	  fertilisation Infertility	  is	  a	  relatively	  common	  phenomenon;	  approximately	  10%	  of	  couples	  attempting pregnancy	  fail	  to	  achieve	  it.	  As	  such,	  many	  turn	  to	  assisted	  reproductive	  technology (ART)	  and	  In	  Vitro	  Fertilisation	  (IVF)	  with	  1	  in	  60	  births	  in	  Australia	  (2007)	  resulting	  in conception	  via	  this	  technique.	  IVF	  is	  an	  invasive	  process	  that	  involves	  ovarian	  stimulation and	  subsequent	  egg	  collection.	  This	  is	  followed	  by	  fertilisation	  of	  the	  egg	  with	  sperm	  and culture	  of	  the	  resulting	  zygote	  in	  a	  synthetic	  medium	  in	  vitro	  with	  subsequent	  transfer	  of	  the pre-­‐implantation	  embryo	  into	  the	  uterus	  of	  a	  recipient	  (Figure	  1.3)	  (Van	  Voorhis	  2007). 
1.2.2	  IVF	  procedure ART/IVF	  procedures	  require	  that	  the	  ovaries	  be	  stimulated	  with	  gonadotropin	  injections	  in order	  to	  facilitate	  increased	  follicular	  development.	  The	  resulting	  ova	  and	  follicular	  fluid	  are then	  subsequently	  retrieved	  via	  transvaginal	  aspiration.	  A	  mature	  ova	  is	  selected	  and	  cultured 
in	  vitro	  with	  an	  excess	  of	  motile	  sperm	  for	  fertilisation.	  This	  process	  is	  used	  upon	  several recovered	  ova	  and	  multiple	  resultant	  embryos	  are	  cultured	  until	  the	  8-­‐cell	  stage	  or	  blastocyst stage	  before	  selection	  for	  reintroduction	  into	  a	  recipient	  uterus	  (Van	  Voorhis	  2007). 
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Figure	  1.3	  ART/IVF	  procedures	  involve	  the	  fertilisation	  of	  an	  oocyte	  and	  culture	  of	  the preimplantation	  embryo	  in	  an	  artificial	  medium	  before	  re-­‐introduction	  into	  the	  female reproductive	  tract. (Adapted	  from	  http://www.sublimis.com/blog/wp-­‐content/uploads/2010/10/IVF-­‐ Ilustration.jpg) 
Due	  to	  the	  compromised	  nature	  of	  an	  IVF	  participant	  to	  conceive	  naturally,	  multiple	  cultured embryos	  are	  reintroduced	  into	  the	  recipient	  in	  order	  to	  increase	  the	  chance	  of	  establishing	  a successful	  clinical	  pregnancy.	  However,	  reintroduction	  of	  multiple	  embryos	  is	  correlated	  with the	  establishment	  of	  multiple-­‐birth	  pregnancies,	  which	  in	  turn	  carries	  the	  risk	  of	  increased perinatal	  mortality	  and	  morbidity	  rates	  (Steer	  et	  al.	  1992;	  Ziebe	  et	  al.	  1997).	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1.2.3	  Embryo	  quality	  is	  critical	  to	  clinical	  pregnancy	  success The	  growth	  and	  development	  of	  embryos	  into	  blastocysts	  vary	  between	  individual	  samples	  in regards	  to	  morphology	  and	  cell	  numbers.	  Embryos	  with	  poor	  morphology	  have	  a	  decreased chance	  of	  developing	  into	  a	  viable	  blastocyst	  and	  therefore	  carry	  a	  decreased	  potential	  to successfully	  implant	  (Steer	  et	  al.	  1992;	  Ziebe	  et	  al.	  1997).	  Hence	  the	  capability	  to	  culture increasingly	  viable	  embryos	  is	  desirable	  in	  order	  to	  promote	  rates	  of	  implantation	  per individual	  embryo	  and	  as	  such	  decrease	  the	  number	  of	  embryos	  transferred	  per	  IVF	  attempt-­‐	  a trend	  that	  has	  been	  shown	  to	  be	  increasingly	  favoured	  (Gardner	  et	  al.	  1998). 
1.2.4	  Mammalian	  embryos	  cultured	  in	  vitro	  are	  susceptible	  to	  block	  at	  the	  2-­‐cell	  stage	  and 
postnatal	  abnormalities Mammalian	  embryos	  are	  seen	  to	  develop	  well	  from	  the	  1-­‐cell	  stage	  into	  the	  2-­‐cell	  stage	  when cultured	  in	  vitro.	  However,	  embryos	  obtained	  from	  outbred	  crosses	  are	  prone	  to developmental	  arrest	  at	  the	  2-­‐cell	  stage,	  a	  period	  that	  encompasses	  the	  first	  signs	  of embryonic	  genome	  activation	  and	  transcription	  (Goddard	  et	  al.	  1983).	  This	  phenomenon	  is referred	  to	  as	  the	  ‘2-­‐cell	  block’.	  Thus	  embryo	  development	  to	  the	  blastocyst	  stage	  has	  been seen	  to	  be	  more	  successful	  when	  culturing	  mouse	  embryos	  from	  the	  2-­‐cell	  stage	  as	  opposed	  to from	  the	  1-­‐cell	  stage	  (Chatot	  et	  al.	  1989). 
In	  vitro	  culture	  of	  the	  preimplantation	  embryo	  from	  several	  mammalian	  species	  has	  been associated	  with	  the	  2-­‐cell	  block.	  Although	  there	  is	  no	  direct	  evidence	  to	  suggest	  that	  the	  2-­‐cell block	  occurs	  in	  vivo,	  the	  block	  is	  attributed	  to	  unfavourable	  culture	  media-­‐related	  conditions that	  may	  result	  in	  impaired	  genome	  activation	  and	  transcription.	  Such	  conditions	  could include	  absence	  or	  imbalance	  in	  the	  concentration	  of	  particular	  components	  found	  in	  vivo (Lawitts	  et	  al.	  1991). 
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1.3	  Embryos	  are	  cultured	  in	  vitro	  in	  a	  chemically	  defined	  media Successful	  culture	  of	  the	  mouse	  embryo	  requires	  strict	  control	  over	  media	  composition	  and concentration-­‐	  thus	  a	  chemically	  defined	  media	  that	  enables	  reproducibility	  has	  been established	  (Summers	  et	  al.	  2003).	  This	  alleviates	  stress	  experienced	  by	  the	  developing embryo	  due	  to	  a	  lack	  of	  tolerance	  to	  environmental	  changes	  (Whittingham	  1971). From	  generation	  to	  fertilisation,	  the	  mammalian	  ova	  and	  subsequent	  embryo	  is	  completely dependent	  on	  maternally	  derived	  nutrients	  for	  growth	  and	  development	  (Whittingham	  1971) hence	  it	  is	  necessary	  to	  understand	  the	  composition	  of	  the	  environment	  that	  the	  ova/embryo would	  naturally	  be	  exposed	  to	  in	  vivo	  in	  order	  to	  provide	  optimum	  in	  vitro	  culture	  conditions. As	  such	  it	  is	  also	  crucial	  to	  study	  the	  effect	  of	  components	  included	  in	  media	  to	  the	  developing	  embryo at	  different	  stages. The	  developing	  embryo	  develops	  methods	  of	  regulating	  ionic	  homeostasis.	  It	  is	  important	  to consider	  that	  proper	  development	  of	  the	  preimplantation	  embryo	  in	  vivo	  would	  be complemented	  by	  the	  changing	  composition	  of	  fluid	  contained	  within	  the	  reproductive	  tract (Lane	  et	  al.	  2007).	  Therefore	  the	  viability	  of	  embryos	  cultured	  in	  vitro	  would	  be	  facilitated	  by optimising	  the	  culture	  media. Commonly	  used	  culture	  media	  mainly	  include	  compounds	  present	  in	  bodily	  fluids	  (Summers et	  al.	  2003).	  The	  composition	  of	  embryo	  culture	  media	  can	  be	  divided	  into:	  water,	  ions, carbohydrates,	  amino	  acids,	  vitamins,	  nucleic	  acid	  precursors,	  chelators,	  antioxidants, antibiotics,	  proteins	  and	  macromolecules,	  hormones	  and	  growth	  factors	  as	  well	  as components	  for	  buffering	  (Lane	  et	  al.	  2007).	  Human	  tubal	  fluid	  (HTF)	  is	  a	  media	  with	  a composition	  developed	  on	  the	  basis	  of	  that	  contained	  within	  the	  human	  fallopian	  tube.	  It	  is	  a balanced	  salt	  solution	  that	  contains	  carbohydrates,	  glucose,	  pyruvate,	  lactate	  and	  patient serum	  (Conaghan	  et	  al.	  1998). 
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1.4	  Calcium	  is	  required	  for	  pre	  implantation	  embryo	  development 
1.4.1	  Embryos	  experience	  calcium	  oscillations Mammalian	  eggs	  experience	  intra-­‐cellular	  calcium	  oscillations	  that	  occur	  for	  approximately 3-­‐4	  hours	  until	  close	  to	  the	  time	  of	  pronucleus	  formation	  (Jones	  et	  al.	  1995;	  Day	  et	  al.	  2000). The	  oscillations	  progressively	  decrease	  until	  they	  no-­‐longer	  exist	  due	  to	  Ins(1,4,5)P3	  receptor down-­‐regulation	  (Brind	  et	  al.	  2000).	  The	  rate	  at	  which	  the	  egg	  activates	  is	  dependent	  on	  both the	  number	  and	  amplitude	  of	  the	  calcium	  signals	  it	  receives	  (Homa	  et	  al.	  1993). Intracellular	  calcium	  is	  an	  important	  factor	  in	  regulating	  proliferation	  as	  evidenced	  by intracellular	  calcium	  oscillations	  that	  occur	  in	  a	  cell-­‐cycle	  dependent	  fashion	  in	  numerous tumour	  cells	  (Panner	  et	  al.	  2006).	  Transient	  increases	  in	  free	  calcium	  in	  the	  cytosol	  are required	  for	  the	  embryo	  to	  progress	  through	  certain	  cell-­‐stages.	  In	  some	  cases,	  calcium influxes	  via	  voltage-­‐dependent	  calcium	  channels	  are	  required	  (Day	  et	  al.	  1998). 
1.5	  Voltage-­‐gated	  calcium	  channels 
1.5.1	  High	  voltage-­‐activated	  and	  low	  voltage-­‐activated	  caclicum	  channels Action	  potentials	  and	  membrane	  depolarisation	  activate	  the	  opening	  of	  membrane-­‐bound calcium	  channels	  that	  facilitate	  calcium	  influx	  into	  cells,	  which	  acts	  intracellularly	  as	  a	  second messenger	  for	  phenomena	  such	  as	  gene	  expression,	  synaptic	  transmission,	  excitation-­‐ contraction	  coupling	  and	  secretion	  (Figure	  1.4)	  (Catterall	  2000;	  Arikkath	  et	  al.	  2003). Different	  calcium	  currents	  have	  been	  documented,	  which	  have	  subsequently	  been	  associated with	  a	  range	  of	  calcium	  channels	  (Table	  1.1)	  (Catterall	  2000)	  and	  can	  be	  classified	  into	  2	  groups:	  high voltage-­‐activated	  (HVA)	  channels	  and	  low	  voltage-­‐activated	  (LVA)	  channels.	  HVAs	  are activated	  by	  strong-­‐depolarisations	  whilst	  conversely	  LVAs	  are	  activated	  by	  weaker depolarisations	  (Arikkath	  et	  al.	  2003). 
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Figure	  1.4	  A	  schematic	  diagram	  detailing	  the	  structure	  of	  voltage-­‐gated	  calcium	  channels	  and	  	  	  	  their	  physiological	  	  roles	  including:	  gene	  expression,	  synaptic	  transmission,	  excitation-­‐	  	  contraction	  coupling	  and	  	  secretion	  (Adapted	  from	  Khosravani	  et	  al.	  2006).	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Table	  1.1	  Identification,	  characteristics	  and	  distribution	  of	  different	  calcium	  channels 
Channel L-­‐Type Characteristics High-­‐voltage	  activation Distribution Skeletal	  muscle Cardiac	  muscle Endocrine	  cells Neurons Retina N-­‐Type Intermediate	  voltage-­‐dependence Inactivation	  rate	  between	  L-­‐	  and	  T-­‐type Neurons Nerve	  terminals Dendrites P-­‐Type High-­‐voltage	  activation Nerve	  terminals Dendrites Q-­‐Type High-­‐voltage	  activation Nerve	  terminals Dendrites R-­‐Type High-­‐voltage	  activation Cell	  bodies Nerve	  terminals Dendrites T-­‐Type Low-­‐voltage	  activation Cardiac	  Muscle Skeletal	  muscle Neurons (Catterall	  2000;	  Arikkath	  et	  al.	  2003) 
1.5.2	  Voltage-­‐gated	  calcium	  channels	  are	  composed	  of	  4	  subunits VGCCs	  are	  composed	  of	  4	  subunits:	  α1-­‐,	  which	  forms	  the	  channel	  pore,	  as	  well	  as	  auxiliary subunits	  α2δ-­‐,	  β2-­‐	  and	  ϒ-­‐,	  which	  function	  to	  regulate	  trafficking	  of	  the	  α1-­‐	  subunit	  to	  the 
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plasma	  membrane	  as	  well	  as	  the	  biophysical	  properties	  of	  the	  channel	  (Arikkath	  et	  al.	  2003). 
1.5.2.1	  The	  α1-­‐	  subunit The	  α1-­‐	  subunit	  is	  the	  principle	  transmembrane	  subunit,	  consisting	  of	  2000	  amino	  acid residues	  and	  has	  a	  molecular	  weight	  of	  190kDa.	  It	  has	  a	  predicted	  pore-­‐forming	  structure	  made	  up of	  4	  repeated	  domains	  (I-­‐IV)	  each	  of	  which	  contains	  6	  transmembrane	  segments	  (S1-­‐S6)	  with a	  membrane-­‐associated	  loop	  between	  S5	  and	  S6	  (Catterall	  2000). 
1.5.2.2	  The	  α2δ-­‐	  subunit The	  α2δ-­‐subunit	  is	  produced	  from	  a	  single	  gene,	  with	  the	  α2-­‐	  and	  δ-­‐	  peptides	  cleaved	  and linked	  (through	  disulfide	  bonding)	  post-­‐translationally-­‐	  the	  mechanisms	  of	  which	  are unknown	  (Arikkath	  et	  al.	  2003).	  The	  protein	  is	  found	  to	  exist	  with	  the	  α2-­‐peptide	  located completely	  in	  the	  extracellular	  space,	  secured	  to	  the	  plasma	  membrane	  through	  the	  δ-­‐peptide via	  a	  small	  and	  singular	  transmembrane	  domain	  (Gurnett	  et	  al.	  1996).	  Post-­‐translational glycosylation	  of	  the	  α2-­‐peptide	  is	  necessary	  for	  maintaining	  the	  stable	  α1-­‐subunit	  interaction and	  has	  been	  shown	  to	  heavily	  influence	  the	  amplitude	  of	  the	  current	  stimulated	  by	  the channel	  (Gurnett	  et	  al.	  1996).	  Although	  the	  δ-­‐	  peptide	  is	  secured	  to	  the	  plasma	  membrane,	  it	  is the	  α2-­‐peptide	  that	  interacts	  with	  the	  pore-­‐forming	  α1-­‐subunit	  (Gurnett	  et	  al.	  1997).	  The	  co-­‐ expression	  of	  the	  different	  α2δ-­‐	  subunits	  with	  the	  α1-­‐	  subunit	  has	  been	  shown	  to	  facilitate	  in some	  cases	  increased	  amplitude	  (Felix	  et	  al.	  1997). 
1.5.2.3	  The	  β-­‐	  subunit The	  β-­‐	  subunit	  is	  encoded	  by	  4	  different	  genes	  (Castellano	  et	  al.	  1994).	  It	  exists	  cytosolically and	  associates	  independently	  of	  the	  α1-­‐subunit	  to	  the	  plasma	  membrane	  via	  lipid	  modification and/or	  the	  existence	  of	  protein	  acidic	  motifs.	  The	  β-­‐subunit	  structure	  consists	  of	  5	  domains, 
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the	  significance	  of	  which	  is	  not	  yet	  determined	  (Arikkath	  et	  al.	  2003).	  It	  is	  known	  that	  the subunit	  principally	  associates	  with	  the	  α1-­‐subunit	  via	  the	  Beta	  Interaction	  Domain	  (BID)	  and Alpha	  Interaction	  Domain	  respectively	  (AID)	  (Pragnell	  et	  al.	  1994).	  Mutations	  in	  the	  AID have	  been	  shown	  to	  impair	  membrane	  trafficking	  of	  the	  α1-­‐subunit	  thereby	  supporting	  the	  role of	  the	  β-­‐	  subunit	  as	  necessary	  for	  trafficking.	  The	  β-­‐	  subunit	  facilitates	  trafficking	  by camouflaging	  a	  “signal”	  in	  the	  α1-­‐subunit	  that	  would	  otherwise	  promote	  its	  residence	  at	  the endoplasmic	  reticulum	  (Bichet	  et	  al.	  2000).	  Considering	  that	  the	  α2δ-­‐subunit	  exists extracellulary	  and	  the	  β-­‐subunit	  singularly	  exists	  intracellulary,	  it	  is	  predicted	  that	  neither	  of the	  subunits	  directly	  interact	  with	  one	  another	  (Arikkath	  et	  al.	  2003). 
Modification	  of	  the	  β-­‐	  subunit	  has	  been	  shown	  to	  alter	  the	  activity	  of	  the	  channel	  potentially through	  phosphorylation	  by	  Protein	  Kinase	  A	  (PKA),	  which	  is	  important	  for	  current stimulation;	  as	  well	  as	  modulation	  via	  the	  mitogen-­‐activated	  protein	  kinase	  (MAPK)	  pathway (Fitzgerald	  2002).	  Hence	  alteration	  of	  the	  β-­‐	  subunit	  results	  in	  whole	  channel	  regulation,	  the significance	  of	  which	  can	  be	  seen	  in	  β-­‐1,	  -­‐2,	  -­‐3	  subunit	  subtype	  knockout	  mice	  resulting	  in death	  of	  the	  embryo,	  death	  shortly	  after	  birth	  or	  abnormal	  calcium	  currents	  respectively (Gregg	  et	  al.	  1996;	  Namkung	  et	  al.	  1998). 
1.5.2.4	  The	  ϒ-­‐	  subunit The	  ϒ-­‐	  subunit	  is	  a	  glycoprotein	  containing	  4	  transmembrane	  domains	  with	  predicted intracellularly-­‐located	  amino	  and	  carboxy	  termini.	  Cyclic	  adenosine	  monophosphate	  (cAMP) and	  cyclic	  guanosine	  monophosphate	  (cGMP)	  phosphorylation	  sites	  have	  been	  identified	  in the	  neuronal	  ϒ-­‐	  subunit,	  however	  the	  physiological	  consequences	  of	  such	  sites	  remain unknown	  (Arikkath	  et	  al.	  2003). 
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Several	  ϒ-­‐subunits,	  ϒ1-­‐ϒ8,	  have	  been	  identified	  and	  are	  shown	  to	  have	  wide	  tissue distribution	  (Arikkath	  et	  al.	  2003).	  In	  transiently	  transfected	  mammalian	  cells,	  ϒ1-­‐	  ϒ4	  have demonstrated	  the	  capability	  of	  trafficking	  to	  the	  plasma	  membrane	  independently	  of	  the	  other subunits	  of	  the	  calcium	  channel-­‐	  the	  significance	  of	  which	  remains	  unknown	  (Rousset	  et	  al. 2001). 
Functionally,	  the	  ϒ-­‐subunit	  has	  not	  been	  shown	  to	  affect	  channel	  numbers	  at	  the	  cell	  surface and	  in	  the	  case	  of	  ϒ1,	  absence	  of	  the	  subunit	  does	  not	  appear	  to	  alter	  the	  interactions	  of	  the other	  subunits-­‐	  suggesting	  that	  it	  plays	  no	  structural	  role	  in	  the	  channel	  but	  a	  possible	  role	  in the	  biophysical	  properties	  (Arikkath	  et	  al.	  2003).	  This	  can	  be	  seen	  where	  inhibition	  of	  the	  ϒ1 and	  ϒ2-­‐	  subunits	  are	  shown	  to	  modify	  the	  activation/inactivation	  kinetics	  of	  their	  respective channel	  currents	  (Kang	  et	  al.	  2001;	  Arikkath	  et	  al.	  2003) 
1.5.3	  Secondary	  subunits	  interact	  with	  other	  proteins The	  secondary	  subunits	  are	  known	  to	  interact	  with	  other	  cellular	  proteins.	  One	  of	  these includes	  a	  small	  Ras-­‐related	  G	  protein	  called	  Gem.	  Gem	  functions	  by	  binding	  calcium	  and calmodulin	  which	  causes	  the	  protein	  to	  convert	  to	  a	  form	  with	  a	  high	  affinity	  for	  the	  β-­‐ subunit.	  This	  is	  turn	  inhibits	  the	  capability	  of	  the	  β-­‐subunit	  to	  traffic	  the	  α1-­‐subunit	  to	  the plasma	  membrane	  (Beguin	  et	  al.	  2001).	  The	  β-­‐subunit	  has	  also	  been	  shown	  to	  co-­‐precipitate with	  the	  zinc	  transporter	  protein	  ZnT-­‐1	  (Levy	  et	  al.	  2009). 
1.5.4	  Voltage-­‐gated	  calcium	  currents	  are	  primarily	  differentiated	  by	  their	  α1	  subunits There	  are	  10	  distinct	  α1subunits,	  which	  have	  been	  divided	  into	  three	  classes:	  Cav1,	  Cav2	  and Cav3	  based	  on	  their	  structure	  and	  function	  and	  as	  such	  are	  differentially	  regulated	  (Table	  1.2). 
 28 
Table	  1.2	  Channel	  types	  are	  divided	  into	  different	  classes	  and	  are	  differentially	  regulated 
Subunit	  Class Cav1 Channels L-­‐type Mode	  of	  regulation Protein	  phosphorylation	  via	  second	  messenger-­‐ activated	  kinase	  pathways. Cav2 P-­‐,	  Q-­‐,	  N-­‐,	  R-­‐	  type Direct	  binding	  of	  SNARE	  proteins	  and	  G proteins. Cav3 T-­‐type Protein	  phosphorylation	  and	  G	  protein pathways,	  which	  are	  less	  studied. 
Cav1	  and	  Cav2	  channels	  have	  less	  than	  40%	  amino	  acid	  sequence	  homology	  between	  their respective	  α1subunits,	  with	  Cav3	  α1subunits	  containing	  less	  than	  3%	  sequence	  homology (Catterall	  2000).	  These	  differences	  are	  what	  accounts	  for	  high-­‐	  versus	  low-­‐	  voltage	  activation for	  the	  calcium	  channels.	  The	  diversity	  between	  channels	  is	  further	  enhanced	  by	  alternative splicing	  of	  the	  4	  beta	  subunit	  genes,	  consequently	  causing	  a	  variation	  in	  kinetics	  and	  voltage-­‐ dependence	  of	  gating	  (Arikkath	  et	  al.	  2003). 
1.5.5	  Cav1:	  L-­‐type	  calcium	  channels The	  L-­‐type	  calcium	  channel	  (LTCC),	  for	  which	  there	  are	  4	  human	  genes:	  Cav1.1	  –	  1.4,	  is	  a well-­‐characterised	  voltage-­‐gated	  calcium	  channel	  and	  has	  been	  shown	  to	  be	  essential	  for excitation-­‐contraction	  coupling	  in	  skeletal,	  cardiac	  and	  smooth	  muscle	  cells;	  as	  well	  as expression	  in	  neurons	  and	  endocrine	  cells	  for	  regulation	  of	  processes	  such	  as	  neurohormone and	  transmitter	  secretion,	  gene	  expression,	  mRNA	  stability	  and	  neuronal	  survival	  (Lipscombe et	  al.	  2004). LTCCs	  can	  be	  identified	  by	  the	  following	  conditions:	  1)	  high-­‐voltage	  activation,	  2)	  large single-­‐channel	  conductance	  3)	  slow	  activation	  kinetics,	  4)	  high	  sensitivity	  to	  dihydropyridine 
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agonists	  and	  antagonists,	  5)	  calcium-­‐dependent	  inactivation,	  6)	  little	  voltage-­‐dependent inactivation.	  There	  is	  however	  diversity	  in	  these	  criteria	  between	  different	  LTCC	  splice variants.	  Cav1.2	  and	  Cav1.3	  are	  present	  in	  all	  excitable	  cells	  individually	  or	  together	  except for	  skeletal	  muscle	  and	  the	  retina	  (Lipscombe	  et	  al.	  2004). L-­‐type	  calcium	  channel	  antagonists	  have	  confirmed	  their	  presence	  up	  until	  the	  8-­‐cell	  stage	  in the	  mouse	  preimplantation	  embryo	  (Figure	  1.5)	  (O'Neill	  1997;	  Lane	  et	  al.	  1998;	  Lu	  et	  al. 2003).	  Intracellular	  calcium	  levels	  are	  believed	  to	  regulate	  cellular	  functions	  such	  as metabolism,	  cell	  division,	  membrane	  fusion,	  exocytosis	  and	  inter-­‐cellular	  communication. Cellular	  stress	  has	  been	  shown	  to	  result	  in	  changes	  in	  intracellular	  calcium	  concentrations. This	  can	  be	  seen	  in	  the	  poor	  development	  of	  in	  vitro	  cultured	  hamster	  1-­‐cell	  embryos	  and	  a corresponding	  increased	  concentration	  of	  free	  calcium.	  Hence	  it	  is	  suggested	  that	  removal	  of the	  embryos	  from	  the	  reproductive	  tract	  separates	  the	  developing	  embryo	  from	  endogenous regulators	  of	  calcium	  import	  (Lane	  et	  al.	  1998). 
Figure	  1.5	  The	  L-­‐type	  calcium	  channel	  is	  present	  in	  the	  mouse	  preimplantation	  embryo	  up until	  the	  8-­‐cell	  stage. 
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1.5.6	  Cav3:	  T-­‐type	  calcium	  channels The	  T-­‐type	  calcium	  channel	  (TTCC)	  is	  a	  low	  voltage-­‐activated	  (LVA)	  channel	  of	  which	  3 subunits	  have	  been	  cloned:	  Cav3.1	  –	  3.3,	  all	  of	  which	  demonstrate	  different	  splice	  variants and	  which	  give	  rise	  to	  different	  responses	  to	  antagonists,	  voltage-­‐dependent	  kinetics	  and modulation	  (Nilius	  et	  al.	  2006). TTCCs	  have	  been	  found	  to	  be	  involved	  in	  physiological	  processes	  such	  as	  cardiac	  pacemaker activity	  regulation,	  slow-­‐wave	  sleep,	  epilepsy,	  cardiac	  hypertrophy,	  vascular	  tone	  control, nociception	  and	  fertilisation	  (Nilius	  et	  al.	  2006).	  They	  can	  be	  identified	  by	  the	  following criteria:	  1)	  fast	  inactivation,	  2)	  small	  single-­‐channel	  conductance,	  3)	  low	  sensitivity	  to	  HVA channel	  blockers	  (Talavera	  et	  al.	  2006).	  TTCCs	  are	  associated	  with	  cell	  proliferation	  of different	  cell	  types	  (Richard	  et	  al.	  1992;	  Gomez	  et	  al.	  1994)	  and	  have	  been	  implicated	  in facilitating	  the	  proliferation	  of	  cancer	  cells.	  This	  is	  due	  to	  the	  presence	  of	  TTCC	  protein	  in	  a broad	  variety	  of	  tumour	  cells	  (Taylor	  et	  al.	  2008)	  as	  well	  as	  the	  observation	  that overexpression	  of	  the	  protein	  resulted	  in	  a	  2-­‐fold	  increase	  in	  the	  proliferation	  rate	  of	  human astrocytoma	  and	  neuroblastoma	  cells	  (Panner	  et	  al.	  2005).	  Hence	  TTCCs	  are	  suggested	  as	  a therapeutic	  target.	  Analysis	  of	  sea	  urchin	  embryos	  have	  shown	  cell-­‐cycle	  regulated	  TTCCs, with	  calcium	  shown	  to	  be	  specifically	  important	  for	  G1/S	  phase	  and	  G2/M	  phase	  progression (Kahl	  et	  al.	  2003).	  The	  current	  is	  seen	  to	  be	  large	  in	  arrested	  oocytes	  and	  decreases	  following fertilisation.	  The	  current	  subsequently	  increases	  at	  the	  end	  of	  M	  phase	  prior	  to	  the	  first cleavage	  into	  the	  2-­‐cell	  stage.	  The	  T-­‐current	  remains	  large	  following	  the	  first	  cleavage	  during G1	  and	  S	  phases	  before	  decreasing	  at	  the	  end	  of	  the	  G2	  phase	  (Figure	  1.6B)	  (Day	  et	  al.	  1998). T-­‐type	  calcium	  channel	  expression	  has	  been	  shown	  to	  be	  cell-­‐cycle	  regulated	  (Panner	  et	  al. 2006)	  with	  an	  increased	  density	  of	  TTCC	  currents	  seen	  following	  fertilisation	  which progressively	  decrease	  until	  the	  8-­‐cell	  stage	  in	  mouse	  preimplantation	  embryos	  whereby	  it eventually	  becomes	  undetectable	  (Figure	  1.6A)	  (Perez-­‐Reyes	  et	  al.	  1986;	  Day	  et	  al.	  1998). 
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This	  decline	  is	  believed	  to	  be	  influenced	  by	  the	  development	  of	  the	  embryo.	  Inhibition	  of	  T-­‐ type	  calcium	  channels	  have	  resulted	  in	  inhibition	  of	  proliferation	  in	  other	  cell	  types	  such	  as fibroblasts	  and	  endothelial	  cells,	  however	  treating	  embryos	  with	  the	  TTCC	  antagonist pimozide	  resulted	  in	  no	  effect	  on	  cleavage	  of	  the	  zygote	  (Day	  et	  al.	  1998). A) 
B) 
Figure	  1.6	  A)	  The	  T-­‐type	  calcium	  channel	  has	  high	  activity	  following	  fertilisation	  that progressively	  decreases	  until	  the	  8-­‐cell	  stage.	  B)	  The	  TTCC	  current	  is	  cell-­‐cycle	  dependent with	  peak	  activity	  during	  the	  early	  2-­‐cell	  stage	  and	  decreased	  activity	  during	  G2	  phase	  (Day et	  al.	  1998). 
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1.6	  Zinc	  Transporters	  (ZnTs) 
1.6.1	  Zinc	  is	  essential	  to	  life Zinc	  plays	  an	  important	  role	  in	  physiology	  as	  it	  is	  an	  essential	  element	  in	  a	  variety	  of	  proteins, transcription	  factors	  and	  metalloenzymes	  that	  coordinate	  zinc	  homeostasis	  as	  well	  as	  other functions	  such	  as	  DNA	  synthesis,	  transcription,	  cytoskeleton	  and	  membrane	  maintenance, apoptosis	  and	  metabolism	  (Rogers	  et	  al.	  1995;	  Andrews	  et	  al.	  2004;	  Murakami	  et	  al.	  2008). Zinc	  plays	  an	  important	  role	  in	  activity,	  folding	  and/or	  conformation	  change	  in	  many proteins;	  3-­‐10%	  of	  which	  derived	  from	  mammalian	  genomes	  have	  been	  found	  to	  bind	  to	  the cation	  (Sekler	  et	  al.	  2007).	  Zinc	  is	  primarily	  absorbed	  via	  the	  intestine,	  the	  concentration	  of which	  increases	  during	  deficiency	  and	  decreases	  during	  excess	  (Sekler	  et	  al.	  2002)	  and subsequently	  binds	  albumin	  for	  circulation,	  with	  uptake	  and	  secretion	  regulated	  at	  the	  cellular level	  through	  specific	  transporters-­‐	  the	  majority	  of	  which	  passes	  through	  the	  liver	  before 
redistribution	  to	  other	  organs.	  The	  concentration	  of	  zinc	  can	  range	  from	  10-­‐100	  ug/g across different	  organs	  but	  is	  usually	  maintained	  within	  a	  narrow	  limit	  (Palmiter	  et	  al.	  1995). Zinc	  deficiency	  has	  been	  shown	  to	  result	  in	  erosion	  of	  the	  gastro-­‐intestinal	  tract,	  cardiac failure	  (Sekler	  et	  al.	  2007)	  as	  well	  as	  cell	  division	  and	  differentiation	  failure	  due	  to	  its	  integral role	  in	  DNA	  synthesis	  and	  mitosis	  (Favier	  1992).	  A	  rise	  in	  intracellular	  zinc	  concentrations	  as 
a	  result	  of	  improper	  regulation	  has	  also	  been	  correlated	  with	  the	  increased	  formation	  of	  β − amyloid	  plaques	  associated	  with	  Alzheimer’s	  disease,	  hence	  tight	  regulation	  of	  zinc	  is required	  to	  maintain	  homeostasis	  (Sekler	  et	  al.	  2007).	  In	  male	  reproduction	  zinc	  deficiency leads	  to	  hypogonadism,	  delayed	  sexual	  maturation	  and	  abnormal	  function	  of	  the	  sperm	  and testicles	  (Oteiza	  et	  al.	  1995),	  as	  well	  as	  decreased	  testicular	  weight	  and	  shrinkage	  of	  the seminiferous	  tubule	  (Bedwal	  et	  al.	  1994). In	  the	  female	  reproductive	  tract,	  uterine	  fluid	  is	  postulated	  as	  the	  source	  of	  zinc	  intake	  for	  the ova.	  A	  mild	  deficiency	  in	  mice	  results	  in	  morphologically	  degenerated	  oocytes,	  hypohaploidia 
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or	  hyperhaploidia.	  In	  rats	  and	  rabbits	  a	  severe	  deficiency	  in	  free	  zinc	  manifests	  as	  oestrogen cycle	  irregularities	  or	  cessation	  in	  ovulation.	  Studies	  on	  rhesus	  monkeys	  also	  demonstrated	  a reduction	  in	  the	  number	  of	  developing	  follicles	  when	  exposed	  to	  zinc	  deficiency	  (Favier 1992).	  Export,	  import	  and	  sequestration	  of	  cellular	  free	  zinc	  are	  regulated	  by	  specific	  proteins. The	  importance	  of	  zinc	  has	  also	  been	  shown	  during	  the	  pre-­‐conception	  period.	  Acute	  dietary zinc	  deficiency	  has	  demonstrated	  averse	  effects	  at	  both	  the	  pre-­‐	  and	  post-­‐implantation	  stage, including:	  decreased	  fertilisation	  potential	  of	  the	  oocyte	  and	  increased	  abberant	  gene expression	  in	  the	  oocyte	  as	  well	  as	  a	  decrease	  in	  embryo	  length,	  weight,	  implantation	  rate, placental	  weight	  and	  expression	  of	  important	  placental	  transcripts	  (Tian	  et	  al.	  2013;	  Tian	  et	  al. 2014). 
1.6.2	  Zinc	  transporters	  confer	  resistance	  against	  zinc	  toxicity Regulation	  of	  zinc	  homeostasis	  in	  eukaryotes	  requires	  efficient	  mechanisms	  for	  cellular	  influx and	  efflux.	  Whilst	  zinc	  deficiency	  contributes	  to	  disease,	  excessive	  cellular	  concentrations	  of zinc	  are	  also	  toxic,	  though	  the	  precise	  mechanism(s)	  are	  unclear	  (Gaither	  et	  al.	  2001).	  As such,	  proteins	  responsible	  for	  redistribution	  of	  the	  heavy	  metal	  via	  plasma	  membrane	  efflux, influx	  and	  sequestration	  into	  organelles	  have	  evolved,	  including	  10	  Zn2+	  transporters	  (ZnT), 
15	  ZIPs	  (zinc-­‐regulated	  transporters,	  iron-­‐regulated	  transporter-­‐like	  proteins)	  and	  3 metallothionein	  (MT)	  isoforms	  (Gaither	  et	  al.	  2001;	  Sekler	  et	  al.	  2007).	  As	  well	  as	  this, LTCCs	  have	  also	  been	  shown	  to	  provide	  a	  route	  of	  zinc	  permeation	  of	  the	  plasma	  membrane 
in	  cells	  types	  such	  as	  pancreatic	  β −cells  and	  cardiac	  cells	  (Atar	  et	  al.	  1995;	  Gyulkhandanyan	  et al.	  2006). Zinc	  transporters	  (ZnT),	  from	  the	  SLC30	  family,	  consists	  of	  10	  members	  (ZnT-­‐	  1-­‐10)	  that	  are differentially	  expressed	  and	  function	  to	  decrease	  cytoplasmic	  zinc	  via	  export	  out	  of	  the	  cell	  or sequestration	  into	  other	  vesicles	  (Table	  1.3)	  (Segal	  et	  al.	  2004).	  Zinc	  is	  the	  sole	  metal	  known 
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to	  be	  transported	  by	  SLC30	  proteins	  (Palmiter	  et	  al.	  2004). 
Table	  1.3	  Zinc	  transporters:	  function	  and	  expression 
Transporter	  Function ZnT-­‐1 ZnT-­‐2 
4,5,8 
2,4,5 
Expression Ubiquitous Intestine,	  kidney,	  testis,	  liver placenta,	  prostate,	  pancreas 
Zinc	  efflux Vesicular	  sequestration 
ZnT-­‐3 ZnT-­‐4 
1,2,4,5 
2,4,5 
Vesicular	  sequestration Zinc	  efflux,	  sequestration	  into	  golgi, vesicles,	  endosomes 
Brain,	  testis Ubiquitous 
ZnT-­‐5 4,5 Sequestration	  to	  golgi	  and	  secretory granules Ubiquitous ZnT-­‐6 4,5 Sequestration	  to	  golgi	  and	  vesicles Liver,	  brain,	  intestine, kidney,	  lung ZnT-­‐7 4,5 Sequestration	  to	  golgi	  and	  vesices Liver,	  intestine,	  lung,	  kidney, spleen,	  heart,	  brain ZnT-­‐8 ZnT-­‐9 ZnT-­‐10 
1 
3,6,7 
7,8 
5 
Sequestration	  to	  golgi Role	  not	  identified Postulated	  to	  function	  as	  ZnT-­‐1 
Pancreas Ubiquitous (Foetal)	  liver	  and	  brain (McMahon	  et	  al.	  1998),	  2	  (Cousins	  et	  al.	  2000),	  3	  (Chimienti	  et	  al.	  2004),	  4	  (Devergnas	  et	  al. 2004),	  5	  (Seve	  et	  al.	  2004),	  6	  (Chimienti	  et	  al.	  2006),	  7	  (Smidt	  et	  al.	  2007),	  8	  (Overbeck	  et	  al. 
2008) 
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1.6.3.1	  Zinc	  transporter-­‐1	  (ZnT-­‐1) ZnT-­‐1	  (SLC30a1),	  a	  member	  of	  the	  cation	  diffuser	  facilitator	  (CDF)	  family,	  was	  the	  first	  zinc transporter	  discovered	  and	  is	  mapped	  to	  chromosome	  1	  in	  humans	  and	  mice	  (Liuzzi	  et	  al. 2004).	  It	  is	  the	  sole	  member	  of	  the	  ZnT	  family	  to	  be	  localised	  to	  the	  plasma	  membrane	  and	  is the	  most	  ubiquitously	  expressed.	  It	  facilitates	  zinc	  efflux	  from	  cells	  through	  an	  unknown mechanism.	  ZnT-­‐1	  expression	  is	  induced	  by	  the	  presence	  of	  dietary	  or	  vesicular	  zinc	  and	  this expression	  is	  facilitated	  by	  metal	  response	  element-­‐binding	  transcription	  factor-­‐1	  (MTF-­‐1) (Langmade	  et	  al.	  2000).	  Up-­‐regulation	  of	  ZnT-­‐1	  protein	  expression	  with	  zinc	  exposure	  has been	  demonstrated	  previously	  in	  gerbil	  neurons	  and	  rat	  intestinal	  cells	  (Tsuda	  et	  al.	  1997; McMahon	  et	  al.	  1998)	  whilst	  homozygous	  knockout	  of	  ZnT-­‐1	  in	  mice	  has	  been	  shown	  to	  be lethal	  beyond	  day	  9	  post-­‐fertilisation	  (Langmade	  et	  al.	  2000;	  Andrews	  et	  al.	  2004;	  Segal	  et	  al. 2004;	  Cousins	  et	  al.	  2006;	  Fernandez	  et	  al.	  2007). 
1.6.3.2	  ZnT-­‐1	  Structure ZnT-­‐1	  is	  membrane-­‐localised	  and	  contains	  6	  membrane-­‐spanning	  domains	  with	  both	  the	  C-­‐ and	  N-­‐	  termini	  residing	  intracellulary.	  Domains	  I	  and	  II	  as	  well	  as	  the	  C-­‐terminal	  of	  ZnT-­‐1 have	  been	  demonstrated	  to	  provide	  the	  enhanced	  resistance	  to	  zinc	  in	  BHK	  cells,	  with	  each domain	  connected	  by	  small	  loops	  (Palmiter	  et	  al.	  2004).	  The	  protein	  consists	  of	  507	  amino acids	  and	  contains	  a	  glycine-­‐histidine-­‐rich	  intracellular	  loop,	  the	  significance	  of	  which	  is unknown	  however	  similar	  regions	  in	  other	  metal	  transporters	  and	  traffickers	  suggest	  a	  role	  in chelation	  and	  or	  acidification	  (Figure	  1.7)	  (Cousins	  et	  al.	  2000). 
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Figure	  1.7	  All	  ZnT	  members	  (with	  the	  exception	  of	  ZnT-­‐5)	  are	  predicted	  to	  have	  a	  structure consisting	  of	  6	  transmembrane	  domains	  and	  cytoplasmic-­‐residing	  N-­‐	  and	  C-­‐	  termini. (Adapted	  from	  Palmiter	  et	  al.	  2004) 
Studies	  on	  transgenic	  Caenorhabditis	  elegans	  (C.elegans)	  containing	  rat-­‐ZnT-­‐1	  were	  shown to	  have	  a	  stimulatory	  effect	  on	  the	  Ras-­‐signalling	  pathway	  as	  well	  as	  an	  increased	  level	  of ERK	  phosphorylation	  (Bruinsma	  et	  al.	  2002).	  ZnT-­‐1	  has	  been	  shown	  to	  activate	  the	  Ras-­‐Erk signalling	  pathway	  through	  binding	  to	  the	  regulatory	  amino	  terminal	  of	  Raf-­‐1	  kinase,	  thus enhancing	  its	  enzymatic	  activity	  (Mor	  et	  al.	  2012). 
1.6.3.3	  ZnT-­‐1	  gene	  expression The	  ZnT-­‐1	  gene	  has	  been	  shown	  to	  be	  sensitive	  to	  the	  presence	  of	  intracellular	  zinc,	  with gene	  expression	  induced	  in	  embryonic	  fibroblast	  cells	  with	  the	  addition	  of	  the	  cation	  (Langmade et	  al.	  2000).	  The	  ZnT-­‐1	  promoter	  contains	  2	  metal-­‐response	  element	  (MRE)	  sequences	  that provide	  potential	  binding	  sites	  for	  MTF-­‐1.	  Mouse	  studies	  on	  recombinant	  MTF-­‐1	  found	  a zinc-­‐dependent	  pattern	  in	  binding	  of	  the	  transcription	  factor	  to	  MREs.	  Knockout	  of	  MTF-­‐1 resulted	  in	  a	  significant	  decrease	  in	  the	  steady	  state	  level	  of	  ZnT-­‐1,	  which	  could	  not	  be rectified	  with	  subsequent	  zinc	  exposure.	  However,	  zinc	  exposure	  to	  wild-­‐type	  mice demonstrated	  a	  rapid	  increase	  in	  ZnT-­‐1	  expression	  (Langmade	  et	  al.	  2000). 
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1.6.3.4	  MTF-­‐1 MTF-­‐1	  is	  a	  highly	  conserved	  6-­‐zinc	  finger	  transcription	  factor	  that	  functions	  as	  an intracellular	  zinc	  sensor,	  with	  mouse	  and	  human	  MTF-­‐1	  sharing	  93%	  amino	  acid	  sequence homology	  (Gunes	  et	  al.	  1998).	  It	  binds	  to	  MREs	  of	  metallothioneins	  and	  gene	  transcription	  is subsequently	  increased.	  Homozygous	  knockout	  of	  MTF-­‐1	  results	  in	  normal	  macroscopic development	  of	  the	  embryo	  until	  day	  14	  at	  which	  point	  death	  occurs	  (Gunes	  et	  al.	  1998; Langmade	  et	  al.	  2000).	  Heterozygous	  knockout	  was	  not	  found	  to	  be	  lethal;	  however	  ZnT-­‐1 mRNA	  levels	  were	  reduced	  4-­‐6	  fold.	  MTF-­‐1	  is	  believed	  to	  be	  an	  important	  regulator	  of	  ZnT-­‐ 1	  as	  zinc	  is	  capable	  of	  inducing	  its	  expression	  in	  the	  presence	  of	  MTF-­‐1	  but	  not	  in	  its	  absence. MTF-­‐1	  also	  has	  the	  capacity	  to	  strongly	  bind	  2	  MREs	  found	  in	  the	  ZnT-­‐1	  promoter	  region (Langmade	  et	  al.	  2000).	  MTF-­‐1	  is	  also	  responsible	  for	  the	  transcription	  of	  metallothionein proteins	  (Heuchel	  et	  al.	  1994). 
1.6.3.5	  Metallothioneins Metallothioneins	  (MTs)	  are	  low	  molecular	  weight	  proteins	  that	  contain	  groups	  of	  cysteins	  that have	  high	  binding	  affinity	  for	  heavy	  metals	  such	  as	  zinc,	  cadmium	  and	  copper.	  The	  binding	  of these	  metals	  to	  MTF-­‐1	  stimulates	  the	  expression	  of	  MTs.	  In	  mammals	  there	  are	  4	  proteins: MT-­‐	  I-­‐IV,	  of	  which	  -­‐I	  and	  -­‐II	  are	  ubiquitously	  expressed	  and	  stress-­‐induced;	  with	  MT-­‐III	  and MT-­‐IV	  weakly	  induced	  by	  stress	  and	  specific	  to	  neuronal	  tissue	  and	  squamous	  epithelia respectively	  (Gunes	  et	  al.	  1998).	  MT	  expression	  has	  been	  shown	  to	  increase	  in	  the	  presence	  of heavy	  metals,	  the	  function	  of	  which	  is	  to	  maintain	  homeostasis	  through	  sequestration	  of	  the heavy	  metals	  (Andrews	  et	  al.	  1991;	  Langmade	  et	  al.	  2000;	  Cheuk	  et	  al.	  2008).	  As	  such, metallothioneins	  are	  involved	  in	  metal	  detoxification	  and	  homeostasis	  as	  well	  as	  free	  radical scavenging	  in	  mammalian	  cells	  (Heuchel	  et	  al.	  1994;	  Gunes	  et	  al.	  1998).	  This	  is	  supported	  by increased	  sensitivity	  to	  cadmium	  and	  oxidative	  stress	  in	  mice	  with	  targeted	  disruption	  of	  MT-­‐ 
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I	  and	  -­‐II	  (Heuchel	  et	  al.	  1994;	  Kelly	  et	  al.	  1996)	  despite	  no	  altered	  phenotype	  (Gunes	  et	  al. 1998). 
MT-­‐I	  and	  MT-­‐II	  bind	  zinc	  and	  copper	  with	  high	  affinity,	  of	  which	  zinc	  is	  proposed	  to	  be	  the primary	  activator	  of	  MTF-­‐1	  (Figure	  1.8).	  Hence	  MT-­‐I	  and	  MT-­‐II	  are	  postulated	  to	  protect cells	  against	  zinc	  toxicity.	  This	  is	  further	  supported	  through	  experiments	  that	  show	  that	  zinc-­‐ resistance	  can	  be	  induced	  through	  transfection	  of	  the	  MT	  gene	  in	  cells	  that	  do	  not endogenously	  synthesize	  the	  protein	  (Kelly	  et	  al.	  1996).	  Zinc	  toxicity	  in	  animals	  is	  found	  to be	  extremely	  rare	  which	  insinuates	  tight	  cellular	  regulation	  of	  the	  cation. Metallothioneins	  are	  postulated	  to	  be	  critical	  to	  embryonic	  development	  where	  zinc-­‐deficient maternal	  diets	  have	  resulted	  in	  abnormal	  rat	  preimplantation	  embryos	  (Andrews	  et	  al.	  1991). 
Figure	  1.8	  Zinc	  enters	  the	  cell	  and	  binds	  the	  transcription	  factor	  MTF-­‐1	  which	  stimulates	  the expression	  of	  ZnT-­‐1	  and	  MT	  proteins	  for	  zinc	  efflux	  and	  sequestration. 
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1.7	  The	  effect	  of	  ZnT-­‐1	  on	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels 
1.7.1	  ZnT-­‐1	  and	  the	  L-­‐type	  calcium	  channel ZnT-­‐1	  is	  an	  endogenous	  inhibitor	  of	  LTCCs.	  An	  interaction	  between	  ZnT-­‐1	  and	  the 
regulatory	  β −subunit  has	  been	  established	  and	  thus	  ZnT-­‐1	  inhibition	  of	  LTCCs	  is	  dependent 
on	  the	  presence	  of	  the	  β −subunit  (Levy	  et	  al.	  2009).	  The	  ZnT-­‐1	  protein	  complexes	  with	  the	  β − 
subunit	  thereby	  preventing	  trafficking	  of	  the	  α-­‐subunit to	  the	  plasma	  membrane	  from	  the	  ER (Figure	  1.9).	  Hence	  increased	  ZnT-­‐1	  expression	  is	  correlated	  with	  decreased	  LTCC	  surface expression.	  This	  interaction	  is	  further	  supported	  by	  the	  fact	  that	  ZnT-­‐1	  cannot	  inhibit	  the 
LTCC	  current	  in	  the	  absence	  of	  the	  β −subunit, nor	  in	  its	  excess.	  Therefore	  ZnT-­‐1	  functions endogenously	  as	  a	  modulator	  of	  the	  LTCC	  current	  without	  alteration	  of	  the	  total	  expression	  of the	  α-­‐subunit	  nor	  the	  steady	  state	  activation	  (Segal	  et	  al.	  2004;	  Levy	  et	  al.	  2009;	  Beharier	  et al.	  2010).	  Some	  cardiac	  arrhythmias	  have	  been	  attributed	  to	  altered	  LTCC	  activity.	  Co-­‐ expression	  of	  ZnT-­‐1	  and	  LTCC	  results	  in	  a	  decreased	  calcium	  current	  without	  changes	  to ZnT-­‐1	  efflux	  nor	  LTCC	  expression.	  Thus	  ZnT-­‐1	  has	  been	  established	  as	  an	  endogenous regulator	  of	  LTCC	  in	  the	  cardiac	  myocyte	  (Beharier	  et	  al.	  2010). 
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A B 
Figure	  1.9	  A)	  The	  β −subunit is	  responsible	  for	  chaperoning	  the	  LTCC	  to	  the	  plasma 
membrane.	  B)	  ZnT-­‐1	  preferentially	  binds	  the	  β −subunit	  and	  prevents	  movement	  of	  the	  LTCC to	  the	  plasma	  membrane	  (Levy	  et	  al.	  2009). 
1.7.2	  ZnT-­‐1	  and	  the	  T-­‐type	  calcium	  channel ZnT-­‐1	  has	  been	  shown	  to	  induce	  increased	  TTCC	  expression	  in	  xenopus	  oocytes	  that	  co-­‐ express	  Cav3.1	  or	  Cav3.2,	  which	  subsequently	  resulted	  in	  an	  increased	  maximum	  conductance associated	  with	  the	  channels.	  The	  relationship	  between	  ZnT-­‐1	  and	  TTCCs	  is	  attributed	  to	  an activation	  of	  the	  Ras-­‐ERK	  signalling	  pathway	  (Beharier	  et	  al.	  2010).	  This	  can	  be	  seen	  where non-­‐active	  Raf-­‐1	  (NAF)	  inhibits	  both	  ZnT-­‐1	  induced	  phosphorylation	  of	  ERK	  as	  well	  as	  ZnT-­‐ 1	  induced	  TTCC	  current	  enhancement.	  NAF	  in	  the	  absence	  of	  ZnT-­‐1	  has	  little	  inhibition	  on the	  TTCC	  current	  hence	  ZnT-­‐1	  induces	  TTCC	  expression	  via	  the	  Ras-­‐ERK	  signalling	  cascade (Mor	  et	  al.	  2012).	  This	  effect	  has	  been	  replicated	  in	  the	  mammalian	  Chinese	  hamster	  ovary (CHO)	  cell	  line,	  with	  biotynilation	  experiments	  also	  providing	  evidence	  for	  increased	  Cav3.1 
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channels	  at	  the	  plasma	  membrane	  with	  co-­‐expression	  of	  ZnT-­‐1.	  Again,	  this	  enhancement	  was abolished	  with	  inhibition	  of	  the	  Ras-­‐Erk	  signalling	  pathway	  with	  a	  MEK-­‐1	  inhibitor	  (Mor	  et al.	  2012). 
When	  HL-­‐1	  cells	  from	  a	  cardio	  myocyte	  cell	  line	  were	  treated	  with	  zinc,	  ZnT-­‐1	  expression was	  subsequently	  increased,	  which	  was	  followed	  by	  an	  increase	  in	  phospho-­‐ERK	  levels	  and an	  increase	  in	  Cav3.1	  surface	  expression.	  Treating	  the	  cells	  with	  ERK-­‐signalling	  activator	  ET-­‐ 1	  led	  to	  ERK-­‐1/2	  phosphorylation	  and	  a	  subsequent	  increase	  in	  Cav3.1	  surface	  expression. Treatment	  of	  the	  cells	  with	  both	  ET-­‐1	  and	  a	  MEK	  inhibitor	  abolished	  the	  increase	  in	  Cav3.1 surface	  expression	  (Mor	  et	  al.	  2012).	  Hence	  ZnT-­‐1	  is	  seen	  as	  a	  modulator	  of	  TTCC	  activity via	  the	  Ras-­‐ERK	  signalling	  pathway. 
Figure	  1.10	  ZnT-­‐1	  activates	  the	  Ras-­‐ERK	  signalling	  pathway	  which	  induces	  TTCC expression. 
 42 
1.8	  IVF	  ISSUES 
There	  is	  a	  large	  amount	  of	  evidence	  that	  suggests	  a	  correlation	  between	  IVF	  babies	  and epigenetic	  diseases,	  such	  as	  Angelman	  Syndrome	  and	  Beckwith-­‐	  Weidemann	  Syndrome;	  as well	  as	  other	  growth-­‐related	  problems	  such	  as	  low	  birth-­‐weight	  and	  intrauterine	  growth retardation	  (Li	  et	  al.	  2005).	  Epigenetics	  is	  the	  regulation	  of	  gene	  expression	  that	  occurs through	  DNA	  methylation,	  imprinting,	  RNA	  silencing	  and	  histone	  modification	  and remodelling-­‐	  which	  accommodates	  changes	  in	  gene	  expression	  in	  response	  to	  the environment	  without	  changing	  the	  genome	  itself	  (De	  Rycke	  et	  al.	  2002).	  Epigenetic reprogramming	  occurs	  at	  2	  significant	  periods	  in	  life-­‐	  during	  gametogenesis	  and	  during	  the pre	  implantation	  embryonic	  stage.	  At	  gametogenesis,	  maternally-­‐	  and	  paternally-­‐inherited genes	  undergo	  imprinting	  establishment	  i.e.	  differential	  silencing-­‐	  through	  DNA hypermethylation;	  and	  expression-­‐	  through	  DNA	  hypomethylation,	  which	  is	  maintained through	  all	  subsequent	  cell	  divisions.	  Reprogramming	  during	  the	  pre	  implantation development	  stage	  is	  necessary	  for	  correct	  development	  as	  it	  is	  responsible	  for	  the	  expression of	  early	  embryonic	  genes,	  cell	  cleavage	  and	  differentiation	  (De	  Rycke	  et	  al.	  2002). 
IVF	  poses	  potential	  epigenetic	  risks	  to	  the	  developing	  embryo	  as	  the	  technique	  may	  be executed	  at	  a	  time	  concurrent	  with	  the	  timing	  of	  epigenetic	  reprogramming.	  Considering some	  epigenetic	  changes	  occur	  shortly	  after	  fertilisation,	  subsequent	  germ	  and	  somatic	  cells may	  be	  potentially	  negatively	  impacted.	  Occasionally	  imprinted	  genes	  include	  oncogenes	  and tumour	  suppressor	  genes-­‐	  hence	  irregular	  imprinting	  may	  lead	  to	  long-­‐term	  cancer susceptibility.	  IVF	  involves	  fertilisation	  and	  culture	  of	  an	  embryo	  in	  an	  artificial	  media	  and	  it is	  suggested	  that	  unwanted	  epigenetic	  modifications	  that	  occur	  during	  this	  period	  may	  be influenced	  by	  the	  media	  itself-­‐	  the	  mechanisms	  of	  which	  are	  as	  yet	  unknown	  (De	  Rycke	  et	  al. 
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2002).	  This	  is	  because	  the	  necessary	  requirements	  of	  the	  human	  pre	  implantation	  embryo	  is not	  completely	  known,	  therefore	  although	  it	  is	  possible	  to	  culture	  human	  embryos	  up	  until	  the blastocyst	  stage	  in	  vitro,	  the	  fact	  that	  the	  numbers	  of	  embryos	  that	  successfully	  reach	  this stage	  is	  low	  shows	  that	  the	  media	  in	  which	  they	  are	  cultured	  are	  deficient	  in	  their	  composition (Conaghan	  et	  al.	  1998). 
1.9	  Aims	  and	  Hypotheses Considering	  the	  diverse	  and	  critical	  roles	  that	  calcium	  plays	  during	  the	  development	  of	  the	  pre implantation	  embryo,	  it	  is	  imperative	  that	  the	  regulation	  of	  calcium	  influx	  facilitators	  be understood.	  Hence	  the	  relationship	  between	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels	  with ZnT-­‐1	  is	  of	  particular	  interest. The	  first	  aim	  of	  this	  study	  is	  to	  investigate	  the	  expression	  of	  ZnT-­‐1	  during	  the	  development	  of the	  mouse	  pre-­‐implantation	  embryo,	  from	  the	  oocyte	  to	  the	  blastocyst	  stage.	  It	  is	  hypothesized that	  ZnT-­‐1	  expression	  will	  be	  induced	  by	  extracellular	  zinc. The	  second	  aim	  of	  this	  study	  is	  to	  investigate	  the	  effect	  of	  increased	  expression	  of	  ZnT-­‐1	  on the	  activity	  of	  calcium	  influx	  via	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels	  in	  the	  mouse	  pre-­‐ implantation	  embryo.	  It	  is	  hypothesised	  that	  increased	  ZnT-­‐1	  expression	  will	  result	  in	  a decrease	  in	  L-­‐type	  calcium	  channel	  activity	  and	  an	  increase	  in	  T-­‐type	  calcium	  channel activity,	  hence	  a	  change	  in	  calcium	  influx. 
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Chapter	  2 
Methods	  and	  materials 
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2.1	  Animal	  husbandry 
2.1.1	  Animals All	  experiments	  conducted	  with	  the	  use	  of	  animals	  were	  approved	  by	  the	  University	  of Sydney	  Animal	  Ethics	  Executive	  Committee	  and	  executed	  in	  accordance	  with	  the	  Animal Research	  Act	  (1985-­‐	  Animal	  Research	  Regulation	  2010)	  and	  the	  Australian	  code	  of	  practice for	  the	  care	  and	  use	  of	  animals	  for	  scientific	  purposes	  (7th	  Edition,	  2004). 
Quackenbush	  Swiss	  (QS)	  mice	  were	  housed	  at	  the	  Medical	  Foundation	  Building,	  Lab	  Animal Services,	  University	  of	  Sydney.	  The	  mice	  were	  housed	  in	  a	  12	  hour	  light/12	  hour	  dark	  cycle (light-­‐	  06:00-­‐18:00)	  with	  temperature	  kept	  at	  approximately	  20-­‐22°C	  and	  humidity maintained	  at	  55%.	  Female	  mice	  (aged	  between	  3-­‐6	  weeks)	  were	  housed	  in	  cages	  in	  groups	  of 10,	  with	  male	  mice	  (aged	  between	  10-­‐30	  weeks)	  housed	  in	  cages	  individually.	  All	  mice	  were provided	  with	  nesting	  equipment	  for	  stimulation-­‐	  including	  plastic	  igloos,	  cardboard	  rolls	  and tissues.	  The	  mice	  were	  provided	  with	  free	  access	  to	  water	  and	  commercially	  produced	  rodent feed. 
2.1.2	  Super	  ovulation	  and	  fertilisation	  of	  female	  mice Female	  mice	  were	  subjected	  to	  2	  hormone	  injections	  administered	  under	  the	  peritoneum-­‐	  the purpose	  of	  which	  was	  to	  increase	  the	  number	  of	  oocytes	  available	  for	  fertilisation.	  The	  first injection	  consisted	  of	  10IU	  of	  pregnant	  mare	  serum	  gonadotrophin	  (PMS;	  Intervet,	  Sydney, Australia)	  with	  the	  second	  administered	  48	  hours	  later	  (±	  2	  hours)	  (considered	  Day	  0) consisting	  of	  10IU	  of	  human	  chorionic	  gonadotrophin	  (HCG;	  Intervet,	  Sydney,	  Australia). Following	  the	  injection	  with	  HCG,	  a	  single	  female	  mouse	  was	  placed	  in	  a	  cage	  with	  a	  single male	  for	  mating.	  Fertilisation	  was	  confirmed	  by	  the	  presence	  of	  a	  vaginal	  plug	  the	  following day. 
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2.2	  Preparation	  of	  chemicals	  for	  embryo	  collection	  and	  culture	  media	  preparation 
2.2.1	  Preparation	  of	  stock	  solutions Unless	  otherwise	  stated,	  all	  sterile	  and	  non-­‐sterile	  plastic	  ware	  used	  for	  chemical	  and	  media preparation	  was	  acquired	  from	  Sarstedt	  (Numbrecht,	  Germany).	  Plugged	  pipette	  tips	  were acquired	  from	  BioPointe	  Scientific	  (San	  Diego,	  CA,	  USA). Embryos	  were	  isolated	  and	  cultured	  in	  two	  distinct	  media:	  the	  first	  being	  Hepes	  (N-­‐2-­‐ Hydroxyethylpiperazine-­‐N’-­‐2-­‐ethansesulfonic	  acid)	  buffered	  modified	  synthetic	  human	  tubal fluid	  (Hepes	  mod-­‐HTF)	  for	  embryo	  isolation,	  where	  the	  Hepes	  component	  functioned	  to buffer	  atmospheric	  CO2	  and	  maintain	  the	  physiological	  pH	  of	  the	  embryos.	  The	  second	  media was	  modified	  synthetic	  human	  tubal	  fluid	  (mod-­‐HTF),	  which	  was	  used	  for	  subsequent	  culture of	  the	  embryos	  (O'Neill	  1997). Media	  were	  prepared	  fresh	  from	  stock	  solutions	  (Table	  2.1)	  which	  were	  stored	  at	  4°C	  and discarded	  after	  2	  weeks.	  Hepes	  mod-­‐HTF	  was	  warmed	  to	  37°C	  for	  1	  hour	  prior	  to	  embryo	  use with	  mod-­‐HTF	  warmed	  to	  37°C	  and	  equilibrated	  at	  5%	  CO2	  for	  1	  hour	  prior	  to	  use. All	  reagents	  were	  acquired	  from	  Sigma	  with	  the	  exception	  of	  CaCl2	  which	  was	  acquired	  from BDH.	  The	  pH	  of	  HEPES	  mod-­‐HTF	  and	  mod-­‐HTF	  media	  were	  adjusted	  to	  7.4	  by	  the	  addition of	  2	  M	  NaOH	  or	  1M	  HCl. 
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Table	  2.1	  Stock	  solutions	  for	  embryo	  collection	  and	  culture	  media All	  reagents	  were	  acquired	  from	  Sigma	  with	  the	  exception	  of	  CaCl2	  which	  was	  acquired	  from BDH. 
Concentration 1M 0.1	  M 0.1	  M 0.1	  M 1M 0.001	  M 0.1	  M 0.1	  M 0.1	  M 6	  mg/ml 0.17	  M 25	  mg/ml 0.154	  M 
Component NaCl KCl KH2PO4 MgSO4.7H2O ©	  NaHCO3 Na2EDTA ©	  Na	  Pyruvate #	  Glutamine ©	  Glucose #	  Penicillin CaCl2.2H2O Phenol	  red *	  HEPES 
M.W	  (g/mol) 58.44 74.55 136.09 246.47 84.01 372.24 110.00 146.10 180.16 -­‐ 147.02 -­‐ 238.3 
Amount/Volume	  H2O 2.92	  g	  /	  50ml 0.37	  g	  /	  50ml 0.1361	  g	  /	  10ml 0.2465	  g	  /	  10ml 0.4201	  g	  /	  5ml 0.0186	  g	  /	  50ml 0.055	  g	  /	  5ml 0.07305	  g	  /	  5ml 0.0901	  g	  /	  5ml 60	  mg	  /	  10ml 0.2514	  g	  /	  10ml 250	  mg	  /	  10ml 1.835	  g	  /	  50ml ©	  Prepared	  fresh	  for	  one	  week	  of	  use	  only #	  Aliquotted	  and	  stored	  at	  -­‐20ºC	  for	  one	  month	  use 
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2.2.2	  Preparation	  of	  isolation	  medium:	  Hepes-­‐buffered	  mod-­‐HTF	  supplemented	  with	  3	  mg/ml 
BSA Medium	  used	  for	  the	  isolation	  of	  embryos	  from	  the	  reproductive	  tract:	  Hepes-­‐	  buffered modified	  synthetic	  human	  tubular	  fluid	  media	  (Hepes	  mod-­‐HTF,	  Table	  2.2)	  was	  prepared from	  stock	  solutions	  (Table	  2.1)	  and	  supplemented	  with	  3	  mg/ml	  bovine	  serum	  albumin (BSA,	  Sigma	  Aldrich,	  St	  Louis,	  MO,	  USA)	  to	  prevent	  the	  embryos	  sticking	  to	  each	  other	  or the	  culture	  dish.	  The	  pH	  was	  adjusted	  to	  7.4	  by	  the	  addition	  of	  2	  M	  NaOH.	  The	  osmolarity	  of the	  medium	  was	  measured	  and	  maintained	  with	  each	  media	  preparation	  at	  300	  mOsm/kg. Finally,	  the	  medium	  was	  filter	  sterilised	  using	  a	  syringe	  and	  0.22	  µm	  syringe	  filter	  (Millipore, Billerica,	  MA,	  USA)	  and	  stored	  for	  2	  weeks	  at	  4°C	  before	  being	  discarded. 
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Table	  2.2	  Composition	  of	  Hepes	  mod-­‐HTF	  supplemented	  with	  3	  mg/ml	  BSA 
Component Lactic	  Acid	  (60%) NaCl KCl KH2PO4 MgSO4 NaHCO3 Na	  Pyruvate Glucose Phenol	  red Penicillin CaCl2.2H2O HEPES 
Final	  Concentration	  (mM) 21.4 102 4.6 0.4 0.2 4 0.4 2.8 0.001	  % 0.06	  mg/ml 2.04 21 
Volume	  of	  stock	  (ml/50ml) 0.20	  g 5.10 2.30 0.20 0.10 0.20 0.20 1.4 0.02 0.50 0.60 6.82 
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2.2.3	  Preparation	  of	  culture	  medium:	  mod-­‐HTF	  supplemented	  with	  3	  mg/ml	  BSA Medium	  used	  for	  the	  culture	  of	  embryos:	  modified	  synthetic	  human	  tubular	  fluid	  media	  (mod-­‐ HTF,	  Table	  2.3)	  was	  prepared	  from	  stock	  solutions	  (Table	  2.1)	  and	  supplemented	  with	  3 mg/ml	  BSA	  as	  with	  the	  isolation	  media.	  The	  pH	  was	  adjusted	  to	  7.4	  by	  the	  addition	  of	  1	  M HCl.	  The	  osmolarity	  of	  the	  medium	  was	  measured	  and	  maintained	  with	  each	  medium preparation	  at	  270	  mOsm/kg.	  Finally,	  the	  medium	  was	  filter	  sterilised	  using	  a	  syringe	  and 0.22	  µm	  syringe	  filter	  and	  stored	  for	  2	  weeks	  at	  4°C	  before	  being	  discarded. Two	  variations	  of	  culture	  media	  were	  used:	  the	  first	  being	  medium	  prepared	  according	  to Table	  2.3	  with	  the	  second	  prepared	  similarly	  but	  lacking	  Na2EDTA	  (volume	  replaced	  with H2O)	  for	  media	  that	  will	  be	  supplemented	  with	  ZnCl2	  (see	  2.2.4,	  Table	  2.4). 
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Table	  2.3	  Composition	  of	  mod-­‐HTF	  supplemented	  with	  3	  mg/ml	  BSA 
Component Lactic	  acid	  (60%) NaCl KCl KH2PO4 MgSO4 NaHCO3 Na2EDTA Na	  Pyruvate Glutamine Glucose Phenol	  red Penicillin CaCl2.2H2O 
Final	  Concentration	  (mM) 21.4 85 4.6 0.4 0.2 25 0.11 0.4 1 2.8 0.001% 0.06	  mg/ml 2.04 
Volume	  of	  stock	  (ml/50ml) 0.20	  g 4.25 2.30 0.20 0.10 1.25 5.50 0.20 0.50 1.40 0.02 0.50 0.60 
2.2.4	  Preparation	  of	  culture	  medium:	  mod-­‐HTF	  supplemented	  with	  3	  mg/ml	  BSA	  with	  the 
addition	  of	  ZnCl2 ZnCl2	  was	  dissolved	  in	  H2O	  and	  stored	  at	  4°C	  as	  a	  100	  mM	  stock	  solution	  (Table	  2.4).	  Prior to	  the	  warming	  and	  equilibrating	  of	  mod-­‐HTF	  for	  the	  culture	  of	  embryos,	  ZnCl2	  was	  added	  to give	  a	  final	  concentration	  of	  100	  µM. 
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Table	  2.4	  Preparation	  of	  ZnCl2	  for	  use	  in	  embryo	  culture	  media 
Component Supplier Stock Concentration	  used	  for	  embryo culture ZnCl2 Sigma-­‐	  Aldrich 100	  mM 100	  µM 
2.2.5	  Preparation	  of	  Hyaluronidase Hyaluronidase	  is	  an	  enzymatic	  component	  of	  the	  ejaculate	  that	  functions	  to	  digest	  the	  mass	  of cumulus	  cells	  that	  surrounds	  oocytes	  and	  zygotes. Hyaluronidase	  (Sigma-­‐Aldrich)	  was	  dissolved	  in	  Hepes	  mod-­‐HTF	  supplemented	  with	  0.3 mg/ml	  BSA	  to	  give	  a	  final	  concentration	  of	  1	  mg/ml.	  It	  was	  filter	  sterilised	  and	  stored	  in aliquots	  at	  -­‐20°C. 
2.3	  Embryo	  collection,	  culture	  and	  manipulation 
2.3.1	  Recovery	  of	  embryos	  at	  different	  stages	  of	  development All	  plasticware	  used	  for	  embryo	  collection,	  culture	  and	  manipulation	  were	  acquired	  from Corning	  (Corning,	  NY,	  USA)	  unless	  otherwise	  acknowledged. Female	  mice	  were	  euthanised	  via	  cervical	  dislocation.	  The	  timing	  of	  euthanasia	  was dependent	  on	  the	  cell-­‐stage	  desired	  for	  recovery	  (Table	  2.5).	  Following	  sacrifice,	  the abdominal	  fur	  was	  wet	  with	  70%	  ethanol	  for	  sterilisation.	  Fine	  forceps	  and	  surgical scissors	  were	  used	  for	  subsequent	  dissection.	  An	  incision	  of	  approximately	  1cm	  was	  made	  in the	  skin	  towards	  the	  lower	  abdomen.	  The	  skin	  was	  then	  manually	  torn	  towards	  the	  anterior and	  posterior	  ends-­‐	  exposing	  the	  abdominal	  peritoneum.	  A	  small	  incision	  of	  approximately 1cm	  was	  made	  in	  the	  abdominal	  peritoneum	  and	  air	  was	  allowed	  to	  enter	  under	  the 
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membrane.	  The	  peritoneum	  was	  cut	  dorso-­‐laterally	  on	  both	  sides-­‐	  creating	  a	  tab	  that	  could	  be folded	  up	  to	  expose	  the	  abdominal	  organs.	  The	  exposed	  intestines	  were	  pushed	  to	  one	  side and	  the	  uterus,	  oviduct	  and	  ovary	  were	  identified.	  Connective	  tissue	  and	  adipose	  tissue	  were separated	  from	  uterus,	  oviduct	  and	  ovary	  using	  fine	  forceps.	  The	  oviduct	  was	  separated	  from the	  ovary	  via	  careful	  teasing	  and	  the	  uterus	  was	  dissected	  out	  (Figure	  2.1).	  The	  length	  of uterus	  dissected	  out	  was	  dependent	  on	  the	  stage	  of	  embryos	  being	  recovered	  (approximately 0.25	  cm	  for	  unfertilised,	  1-­‐cell,	  2-­‐cell	  and	  4-­‐cell	  embryos;	  approximately	  1.5	  cm	  for	  8-­‐cell embryos;	  the	  entire	  uterus	  for	  molurae-­‐	  and	  blastocyst-­‐stage	  embryos).	  The	  oviducts	  and attached	  uteri	  were	  transferred	  to	  a	  60mm	  dish	  filled	  with	  phosphate-­‐buffer	  solution	  (PBS)	  to rinse	  them	  of	  blood. 
Table	  2.5	  Timing	  of	  embryo	  development	  following	  HCG	  administration Embryo-­‐stage	  recovered 
Oocyte Zygote Early	  2-­‐cell Late	  2-­‐cell 4-­‐cell Non-­‐compacted	  8-­‐cell Compacted	  8-­‐cell Morula Blastocyst 
Hrs	  post	  HCG	  injection 
20 20 40 48 54 *	  72 *	  76 80 96 
*	  Due	  to	  asynchrony,	  a	  combination	  of	  non-­‐compacted	  and	  compacted	  8-­‐cell	  embryos	  were recovered	  at	  both	  time	  points. 
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Figure	  2.1	  Anatomy	  of	  dissected	  portion	  of	  the	  female	  murine	  reproductive	  tract (Adapted	  from	  http://mutagenetix.utsouthwestern.edu/protocol/protocol_rec.cfm?pid=22) 
Following	  rinsing	  in	  PBS-­‐	  the	  oviducts/uteri	  were	  immediately	  transferred	  to	  Hepes	  mod-­‐ HTF	  media	  pre-­‐warmed	  in	  a	  35mm	  dish	  for	  dissection	  under	  a	  microscope	  (Wild	  M3 microscope,	  Leica	  Microsystems,	  Wetla,	  Germany)	  conducted	  on	  a	  warming	  plate (Microwarm	  plate,	  Kitazato	  Supply	  Co,	  Shizuka,	  Japan)	  heated	  to	  37°C.	  The	  method	  for recovery	  of	  the	  embryos	  was	  dependent	  on	  the	  desired	  cell-­‐stage.	  Recovery	  of	  oocytes	  and zygotes	  involved	  tearing	  the	  oviduct	  open	  in	  the	  ampulla	  region	  and	  squeezing	  out	  the embryos	  into	  Hepes-­‐buffered	  Mod	  HTF	  media.	  The	  dissolving	  of	  the	  cumulus	  mass	  was	  facilitated	  by addition	  of	  100	  µl	  of	  Hyaluronidase,	  which	  subsequently	  freed	  the	  oocytes	  and	  zygotes. Zygotes	  were	  differentiated	  from	  oocytes	  by	  the	  presence	  of	  a	  polar	  body	  and	  pro-­‐nuclei. Recovery	  of	  embryos	  from	  the	  early	  2-­‐cell	  to	  the	  blastocyst	  stage	  involved	  flushing	  the oviduct	  and	  attached	  uteri	  with	  a	  syringe	  and	  30G	  needle. Embryo	  transfer	  and	  manipulation	  was	  performed	  using	  the	  technique	  of	  “mouth-­‐pipetting” using	  a	  pulled	  Pasteur	  capillary	  pipette	  (Crown	  Scientific	  Pty	  Ltd,	  Minto,	  NSW,	  Australia) attached	  to	  thin	  rubber	  tubing	  and	  a	  plastic	  mouth	  piece.	  Embryos	  were	  transferred	  from Hepes	  mod-­‐HTF	  medium	  to	  a	  60	  mm	  dish	  of	  pre-­‐warmed	  and	  equilibrated	  mod-­‐HTF	  medium 
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droplets,	  covered	  with	  mineral	  oil	  (Sigma-­‐Aldrich)	  to	  prevent	  evaporation	  of	  media,	  for washing	  in	  at	  least	  3	  separate	  drops	  of	  medium	  prior	  to	  culture. 
2.3.2	  Embryo	  Culture Embryos	  were	  transferred	  within	  an	  hour	  of	  isolaton	  to	  pre-­‐warmed	  and	  equilibrated	  20µl droplets	  of	  mod-­‐HTF	  culture	  media	  (control)	  or	  20µl	  droplets	  of	  mod-­‐HTF	  culture	  media supplemented	  with	  100µM	  ZnCl2	  (treatment).	  Embryos	  were	  cultured	  in	  these	  droplets	  in groups	  of	  10-­‐15	  at	  37°C	  and	  5%	  CO2	  for	  4	  hours.	  At	  the	  conclusion	  of	  culture,	  embryos	  in	  the treated	  group	  were	  washed	  in	  three	  separate	  droplets	  of	  mod-­‐HTF	  culture	  media	  and subsequently	  processed	  and	  collected	  accordingly	  for	  qPCR	  (chapter	  3),	  fixed	  for immunofluorescence	  (chapter	  4)	  or	  utilised	  immediately	  for	  Ca2+	  imaging	  (chapter	  5). 
 56 
Chapter	  3 
mRNA	  expression	  of	  ZnT-­‐1	  in	  the	  pre-­‐implantation	  embryo 
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3.1	  INTRODUCTION 
ZnT-­‐1	  is	  ubiquitously	  expressed	  and	  functions	  to	  facilitate	  zinc	  efflux	  out	  of	  the	  cell (Langmade	  et	  al.	  2000;	  Overbeck	  et	  al.	  2008).	  The	  expression	  of	  the	  mRNA	  encoding	  this protein	  is	  induced	  via	  the	  transcription	  factor	  MTF-­‐1,	  which	  responds	  to	  the	  intracellular concentration	  of	  free	  zinc.	  Up-­‐regulation	  of	  ZnT-­‐1	  protein	  expression	  with	  zinc	  exposure	  has been	  demonstrated	  previously	  in	  gerbil	  neurons	  and	  rat	  intestinal	  cells	  (Tsuda	  et	  al.	  1997; McMahon	  et	  al.	  1998)	  Homozygous	  knockout	  of	  ZnT-­‐1	  has	  been	  shown	  to	  be	  lethal	  beyond day	  9	  post-­‐fertilisation	  (Andrews	  et	  al.	  2004).	  The	  expression	  of	  ZnT-­‐1	  mRNA	  has	  not	  been previously	  investigated	  in	  the	  mouse	  pre	  implantation	  embryo,	  although	  qRT-­‐PCR	  studies	  in zebrafish	  embryos	  depicted	  an	  increase	  in	  ZnT-­‐1	  transcription	  with	  time	  following fertilisation	  (Ho	  et	  al.	  2012). The	  transcription	  factor	  MTF-­‐1	  is	  also	  responsible	  for	  driving	  the	  transcription	  of MT-­‐1:	  a	  small,	  cysteine	  rich	  intracellular	  protein	  that	  functions	  to	  sequester	  intracellular	  metal ions	  including	  zinc	  (Andrews	  et	  al.	  1991).	  The	  expression	  of	  MT-­‐1	  mRNA	  has	  been	  studied previously	  in	  the	  mouse	  oocyte	  and	  preimplantation	  embryo	  and	  was	  found	  to	  be	  present	  in all	  investigated	  stages	  of	  development	  (Andrews	  et	  al.	  1991).	  Andrews	  et	  al.	  (1991)	  also examined	  the	  effect	  of	  zinc	  exposure	  on	  MT-­‐1	  gene	  expression	  from	  the	  1-­‐cell	  to	  blastocyst stages	  using	  RT-­‐PCR	  and	  found	  a	  significant	  6-­‐8	  fold	  increase	  in	  transcription	  at	  the	  8-­‐cell stage	  of	  development	  and	  all	  subsequent	  stages	  up	  until	  the	  blastocyst	  stage.	  They	  therefore concluded	  that	  the	  MT-­‐1	  gene	  is	  responsive	  to	  the	  presence	  of	  zinc	  in	  preimplantation	  stages greater	  than	  and	  including	  the	  8-­‐cell	  stage,	  whilst	  the	  ova	  to	  4-­‐cell	  stage	  showed	  no significant	  response	  to	  zinc. 
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Given	  that	  both	  MT-­‐1	  and	  ZnT-­‐1	  RNA	  expression	  are	  regulated	  by	  the	  same	  transcription factor,	  we	  would	  predict	  that	  ZnT-­‐1	  mRNA	  expression	  would	  mirror	  that	  of	  MT-­‐1	  mRNA expression	  and	  thus	  expression	  of	  MT-­‐1	  was	  used	  as	  a	  positive	  control. 
The	  aims	  of	  this	  chapter	  were	  to	  investigate	  mRNA	  expression	  for	  ZnT-­‐1	  and	  MT-­‐1	  in	  the oocyte	  and	  all	  preimplantation	  embryo	  stages	  using	  single-­‐cell	  qPCR.	  mRNA	  expression	  was examined	  under	  3	  culture	  conditions,	  including: -­‐	  in	  vivo	  developed	  embryos	  isolated	  fresh	  from	  the	  reproductive	  tract; -­‐	  embryos	  cultured	  in	  the	  presence	  of	  zinc; -­‐	  embryos	  cultured	  in	  the	  absence	  of	  zinc. mRNA	  expression	  in	  the	  oocyte	  and	  preimplantation	  embryos	  was	  also	  analysed	  under	  2 different	  parameters,	  including	  the: -­‐	  effect	  of	  culture	  on	  mRNA	  expression; -­‐	  change	  in	  mRNA	  expression	  with	  preimplantation	  embryo	  development. 
It	  was	  hypothesised	  that: 1)	  ZnT-­‐1	  mRNA	  expression	  would	  mirror	  MT-­‐1	  mRNA	  expression; 2)	  ZnT-­‐1	  and	  MT-­‐1	  mRNA	  would	  be	  more	  highly	  transcribed	  in	  embryos	  cultured	  in	  the presence	  of	  zinc	  from	  the	  8-­‐cell	  stage	  onwards 
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3.2	  METHODS	  AND	  MATERIALS 
3.2.1	  cDNA	  Synthesis 
3.2.1.1	  Embryo	  collection	  for	  cDNA	  synthesis Embryos	  intended	  for	  use	  in	  qPCR	  were	  collected	  individually	  (in	  minimal	  media)	  in	  flat-­‐ topped	  PCR	  tubes	  and	  snap	  frozen	  in	  liquid	  nitrogen.	  Frozen	  embryos	  were	  then	  stored	  at	  -­‐ 80°C	  until	  further	  use. 
3.2.1.2	  cDNA	  synthesis	  from	  single	  embryos PCR	  tubes	  containing	  individual	  embryos	  frozen	  at	  -­‐80°C	  were	  thawed	  on	  ice	  and	  centrifuged at	  14,000	  rpm	  for	  15	  seconds	  at	  room	  temperature.	  The	  AffinityScript	  qPCR	  cDNA	  Synthesis Kit	  (Stratagene)	  provided	  the	  necessary	  reagents	  (Table	  3.1)	  to	  synthesise	  cDNA	  from embryonic	  RNA	  and	  was	  utilised	  according	  to	  the	  protocol	  included.	  A	  total	  of	  1µL	  of	  cDNA synthesis	  mix	  was	  added	  to	  each	  embryo,	  which	  was	  subsequently	  transferred	  to	  a	  DNA-­‐free microliter	  reaction	  slide	  (Advalytix,	  Olympus,	  Munich,	  Germany)	  using	  a	  Gilson	  pipette. Each	  drop	  of	  cDNA	  synthesis	  mix	  was	  covered	  with	  5µL	  of	  low	  viscosity	  sealing	  solution (Advalytix,	  Olympus,	  Munich,	  Germany)	  to	  prevent	  evaporation	  of	  the	  mix	  during incubation.	  The	  incubation	  steps	  included:	  5	  minutes	  at	  room	  temperature	  for	  primer annealing,	  15	  minutes	  at	  42°C	  for	  cDNA	  synthesis	  and	  95°C	  for	  reaction	  termination-­‐	  was carried	  out	  using	  an	  Amplispeed	  instrument	  (Advalytix,	  Olympus,	  Munich,	  Germany). 
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Table	  3.1	  Reagents	  for	  cDNA	  synthesis 
Reagent RNase-­‐free	  H2O 2X	  cDNA	  Synthesis	  Master	  Mix Oligo(dT)	  primer Random	  Primers AffinityScript	  RT/RNase	  Block	  enzyme mixture 
Volume	  (µL)	  per	  embryo 0.15 0.5 0.15 0.15 0.05 
Following	  incubation,	  an	  extra	  5.5µL	  of	  milliQ	  H2O	  was	  added	  to	  the	  cDNA	  under	  the	  oil using	  a	  Gilson	  pipette	  before	  the	  entire	  6.5µL	  volume	  was	  collected	  and	  transferred	  to	  a	  flat-­‐ topped	  PCR	  tube	  and	  frozen	  at	  -­‐20°C. 
3.2.2	  Real	  Time	  Quantitative	  Polymerase	  Chain	  Reaction	  (qPCR) 
3.2.2.1	  Oligonucleotide	  primers Oligonucleotide	  primers	  (Sigma-­‐Aldrich)	  were	  resuspended	  in	  Milli-­‐Q	  H2O	  to	  a	  final	  stock concentration	  of	  100	  µM	  with	  forward	  and	  reverse	  primers	  subsequently	  combined	  and diluted	  to	  a	  final	  concentration	  of	  5µM	  and	  stored	  at	  -­‐20°C.	  ZnT-­‐1	  and	  MT-­‐1	  primer sequences	  (Table	  3.3)	  were	  taken	  from	  Fernandez	  et	  al,	  2007;	  whilst	  the	  primer	  sequences	  for 
β −actin were	  designed	  using	  the	  universal	  probe	  system	  (Roche). 
3.2.2.2	  qPCR	  Reaction	  Protocol Frozen	  cDNA	  from	  single	  pre-­‐implantation	  embryos	  was	  thawed	  on	  ice	  and	  centrifuged	  at 14,000	  rpm	  for	  15	  seconds	  at	  room	  temperature.	  	  A	  volume	  of	  2	  µl	  of	  cDNA	  from	  single	  samples	  was 
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added	  to	  individual	  0.1	  ml	  qPCR	  strip	  tubes	  using	  a	  Gilson	  Pipette.	  A	  master	  mix	  was	  made using	  KAPA	  SYBR	  FAST	  qPCR	  Master	  Mix	  (x2),	  milliQ	  water	  and	  the	  appropriate	  primer (Table	  3.2)	  and	  added	  to	  2	  µl	  of	  cDNA.	  The	  reaction	  steps,	  which	  repeated	  for	  50	  cycles, included:	  3	  minutes	  at	  95°C	  for	  enzyme	  activation,	  15	  seconds	  at	  95°C	  for	  denaturing	  and	  30 seconds	  at	  60°C	  for	  30	  seconds	  for	  annealing	  and	  extension-­‐	  was	  carried	  out	  using	  an	  Rotor Gene	  3000	  (Corbett	  Life	  Sciences) 
Table	  3.2	  Reagents	  for	  qPCR	  reaction 
Reagent RNase-­‐free	  H2O qPCR	  Master	  Mix	  (2) Primer cDNA 
Volume	  (µL)	  per	  embryo 7.2 10 0.8 2 
3.2.2.3	  Standard	  curve	  development	  to	  calculate	  primer	  efficiencies Standard	  curves	  were	  developed	  using	  5	  serial	  dilutions	  of	  cDNA	  from	  mouse	  embryonic	   stem	  cells	  in	  order	  to	  calculate	  the	  efficiencies	  of	  the	  primers	  used	  in	  this	  study.	  The	  efficiencies of	  the	  primers	  (Table	  3.2)	  were	  calculated	  using	  Rotor-­‐Gene	  Q	  Serial	  Software	  (Version 
2.0.2).	  The	  efficiency	  for	  β −actin	  was	  previously	  calculated	  in	  our	  lab	  and	  given	  as	  0.78.	  The efficiency	  (E)	  was	  calculated	  using	  the	  formula: E	  =	  10	  ^(-­‐1/slope	  of	  the	  standard	  curve) Where	  the	  slope	  of	  the	  standard	  curve	  was	  calculated	  as	  -­‐3.96. 
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Table	  3.3	  Oligonucleotide	  Primers 
Primer Sequence 5’	  –	  3’ ZnT-­‐1	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  F-­‐	  AACACCAGCAATTCCAACG 	  	  	  	  	  	  	  	  	  	  	  R-­‐	  TTGTCTTCCGCTTCCAGATT MT-­‐1 F-­‐	  CCTCTAAGCGTCACCACGA R-­‐	  GCAGGAGCTGGTGCAAGT β-­‐actin F-­‐	  CTAAGGCCAACCGTGAAAAG R-­‐	  ACCAGAGGCATACAGGGACA 0.78 104 
0.94 139 
0.96 
Efficiency Fragment	  Size (base-­‐pairs) 131 
3.2.3	  Gel	  electrophoresis	  using	  an	  agarose	  gel qPCR	  reaction	  products	  were	  analysed	  using	  electrophoresis	  in	  a	  2%	  agarose	  gel	  and	  stained with	  ethidium	  bromide	  to	  visualize	  the	  products	  on	  an	  ultraviolet	  transilluminator.	  Agarose (BioRad	  Laboratories,	  USA)	  was	  added	  to	  1	  x	  TBE	  buffer	  (90	  mM	  Tris	  base,	  90	  mM	  Boric Acid,	  and	  2	  mM	  EDTA	  pH	  8.0)	  in	  a	  beaker	  to	  give	  2%	  (w/v).	  It	  was	  then	  warmed	  in	  a microwave	  at	  high	  power	  in	  15	  seconds	  intervals	  with	  stirring	  in	  between	  until	  fully dissolved.	  A	  volume	  of	  2	  ul	  of	  10mg/ml	  ethidium	  bromide	  (BioRad)	  was	  added	  to	  the	  melted	  agarose	   and	  	  gently	  swirled.	  The	  dissolved	  agarose	  was	  then	  poured	  into	  a	  preset	  cast	  (BioRad)	  sitting	  in an	  electrophoresis	  tank,	  a	  well-­‐comb	  was	  inserted	  and	  the	  gel	  was	  allowed	  to	  cool	  and	  set completely.	  Once	  the	  agarose	  had	  set	  (after	  approximately	  30	  minutes),	  the	  well-­‐comb	  was removed	  and	  the	  tank	  was	  filled	  with	  1	  x	  TBE,	  ensuring	  that	  the	  entire	  gel	  was	  completely 
submerged.	  A	  volume	  of	  1	  ul	  of	  6x	  loading	  buffer	  was	  added	  to	  5	  ul	   qPCR	  samples	  and	  loaded	  into individual	  wells	  in	  the	  agarose	  gel.	  A	  50	  base-­‐pair	  DNA	  ladder	  (Thermo	  Fisher	  Scientific) 
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was	  loaded	  in	  the	  first	  well	  in	  order	  to	  determine	  the	  qPCR	  product	  sizes.	  The	  gel	  was	  run	  at 250	  V	  and	  60	  amps	  for	  approximately	  2	  hours,	  when	  the	  loading	  dye	  reached	  approximately ¾	  the	  distance	  of	  the	  total	  gel	  length.	  The	  gel	  was	  then	  removed	  from	  the	  cast	  and	  soaked	  in ethidium	  bromide/1x	  TBE	  for	  20	  minutes.	  The	  agarose	  was	  then	  placed	  on	  an	  ultra	  violet transilluminator	  to	  visualize	  the	  qPCR	  products	  and	  a	  photo	  was	  taken	  using	  a	  Polaroid Positive/Negative	  B&W	  instant	  pack	  film	  (Polaroid,	  USA). 
3.2.4	  Statistics The	  Ct	  (threshold	  cycle)	  values	  of	  each	  gene	  of	  interest	  (ZnT-­‐1	  and	  MT-­‐1)	  expressed	  in	  single 
embryos	  were	  normalized	  to	  that	  of	  the	  reference	  gene,	  β −actin . qPCR	  statistical	  analyses	  (ANOVA)	  were	  performed	  using	  GraphPad	  Prism	  6	  software	  using the	  delta	  delta	  Ct-­‐values	  of	  the	  genes	  of	  interest	  expressed	  in	  embryos	  (cultured	  in	  the	  absence and	  presence	  of	  zinc)	  relative	  to	  in	  vivo	  developed,	  freshly	  retrieved	  embryos. 
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3.3	  RESULTS 
3.3.1	  Representative	  melt	  curves 
Temperature	  (C°) 
Figure	  3.1	  ZnT-­‐1	  melt-­‐curve:	  identification	  of	  the	  specific	  melting	  temperature	  of	  the	  PCR product	  (Red:	  +	  RT;	  Yellow:	  -­‐	  RT;	  Blue:	  H2O).	  The	  melting	  temperature	  of	  the	  ZnT-­‐1	  PCR product	  is	  82.7°C.	  The	  peak	  in	  H2O	  could	  possibly	  be	  attributed	  to	  primer	  dimers. 
Temperature	  (C°) 
Figure	  3.2	  MT-­‐1	  melt-­‐curve:	  identification	  of	  the	  specific	  melting	  temperature	  of	  the	  PCR product	  (Purple:	  +	  RT;	  Blue:	  -­‐	  RT;	  Pink:	  H2O).	  The	  melting	  temperature	  of	  the	  MT-­‐1	  PCR product	  is	  85.5°C. 
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Temperature	  (C°	  ) 
Figure	  3.3	  β −actin melt-­‐curve:	  identification	  of	  the	  specific	  melting	  temperature	  of	  the	  PCR 
product	  (Blue:	  +	  RT;	  Pink:	  -­‐	  RT;	  Green:	  H2O).	  The	  melting	  temperature	  of	  the	  β −actin  PCR 
product	  is	  83°C.	  The	  peak	  in	  H2O	  can	  possibly	  be	  attributed	  to	  primer	  dimers. 
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3.3.2	  Representative	  amplification	  curves 
Figure	  3.4	  ZnT-­‐1	  amplification	  curves:	  Representative	  amplification	  curves	  for	  ZnT-­‐1	  for	  5 serial	  dilutions	  of	  cDNA	  generated	  from	  mouse	  embryonic	  stem	  cells. 
Figure	  3.5	  MT-­‐1	  amplification:	  Representative	  amplification	  curves	  for	  MT-­‐1	  for	  5	  serial dilutions	  of	  cDNA	  generated	  from	  mouse	  embryonic	  stem	  cells. 
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3.3.3	  Standard	  curves 
	  	  	  	  	  	  	  	  	  	  2.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.5	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  17.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  35.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Concentration	  (ng)	  
Figure	  3.6	  ZnT-­‐1	  standard	  curve:	  depicts	  the	  line	  of	  best	  fit	  using	  the	  Ct	  values	  from	  three replicates	  of	  5	  serial	  dilutions	  of	  cDNA	  generated	  from	  mouse	  embryonic	  stem	  cells.	  The 
	  	  	  	  	  	  	  2.2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  4.5	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  8.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  17.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  35.9	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Concentration	  (ng) 
 
Figure	  3.7	  MT-­‐1	  standard	  curve:	  depicts	  the	  line	  of	  best	  fit	  using	  the	  Ct	  values	  from	  three replicates	  of	  5	  serial	  dilutions	  of	  cDNA	  generated	  from	  mouse	  embryonic	  stem	  cells.	  The standard	  curve	  and	  efficiency	  (0.99)	  were	  generated	  using	  Qiagen	  software. 
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3.3.4	  Agarose	  gels 
 
Figure	  3.8	  Agarose	  gel	  electrophoresis	  of	  qPCR	  products:	  qPCR	  products	  derived	  from 
ZnT-­‐1,	  MT-­‐1	  and	  β −actin primers	  in	  the	  mouse	  oocyte	  and	  pre-­‐implantation	  embryos	  were separated	  in	  a	  2%	  agarose	  gel.	  Lanes:	  L=	  50bp	  DNA	  ladder;	  1=	  oocyte;	  2=	  zygote;	  3=	  early 2-­‐cell	  embryo;	  4=	  late	  2-­‐cell	  embryo;	  5=	  4-­‐cell	  embryo;	  6=	  non-­‐compacted	  8-­‐cell	  embryo;	  7= compacted	  8-­‐cell	  embryo;	  8=	  morula;	  9=	  blastocyst.	  Predicted	  PCR	  product	  sizes:	  ZnT-­‐1	  = 
131	  base-­‐pairs;	  MT-­‐1	  =	  139	  base-­‐pairs;	  β −actin =	  104	  base-­‐pairs.	  
	   
Figure	  3.9	  Agarose	  gel	  electrophoresis	  of	  qPCR	  products	  +	  and	  -­‐	  RT:	  qPCR	  products derived	  from	  ZnT-­‐1,	  MT-­‐1	  and	  β −actin primers	  in	  mouse	  embryonic	  stem	  cells	  were	  separated in	  a	  2%	  agarose	  gel.	  Lanes:	  L=	  50bp	  DNA	  ladder.	  Predicted	  PCR	  product	  sizes:	  ZnT-­‐1	  =	  131 base-­‐pairs;	  MT-­‐1	  =	  139	  base-­‐pairs;	  β −actin =	  104	  base-­‐pairs. 
 
Larger bands seen in lanes 1 in embryos groups tested for MT-1 and cultured in the presence of  
 
EDTA and zinc are attributed to primer dimers. 
3.3.5	  Change	  in	  ZnT-­‐1	  mRNA	  expression	  with	  pre-­‐implantation	  embryo	  development Transcription	  of	  ZnT-­‐1	  is	  regulated	  by	  the	  zinc-­‐sensitive	  transcription	  factor	  MTF-­‐1.	  qPCR was	  used	  to	  investigate	  ZnT-­‐1	  mRNA	  expression	  in	  oocytes	  and	  all	  stages	  of	  pre-­‐implantation embryos	  under	  3	  conditions:	  in	  vivo	  developed,	  cultured	  in	  the	  absence	  of	  zinc	  and	  cultured	  in the	  presence	  of	  zinc	  for	  4	  hours.	  ZnT-­‐1	  mRNA	  transcripts	  were	  expressed	  in	  all	  stages	  of	  pre-­‐ implantation	  development	  investigated	  and	  in	  all	  culture	  conditions	  (Figure	  3.10). In	  the	  in	  vivo	  developed	  group,	  mRNA	  was	  found	  to	  have	  significantly	  decreased	  in	  the	  non-­‐ compacted	  8-­‐cell,	  morula	  and	  blastocyst	  stages	  when	  compared	  to	  the	  oocyte	  and	  late	  2-­‐cell stages.	  In	  the	  group	  of	  embryos	  cultured	  in	  the	  absence	  of	  zinc,	  mRNA	  expression	  did	  not change	  between	  any	  stages	  when	  compared	  to	  the	  oocyte,	  however	  a	  significant	  decrease	  was seen	  in	  the	  non-­‐compacted	  8-­‐cell,	  morula	  and	  blastocyst	  stages	  when	  compared	  to	  the	  late	  2-­‐ cell	  stage.	  A	  large	  increase	  in	  ZnT-­‐1	  mRNA	  expression	  was	  seen	  in	  the	  late	  2-­‐cell	  stage compared	  to	  the	  oocyte,	  however	  the	  change	  was	  not	  significant.	  The	  zinc-­‐cultured	  group demonstrated	  a	  significant	  decrease	  in	  the	  non-­‐compacted	  8-­‐cell,	  compacted	  8-­‐cell,	  morula and	  blastocyst	  stages	  compared	  to	  both	  the	  oocyte	  and	  late	  2-­‐cell	  stages.	  In	  addition	  to	  this, the	  late	  2-­‐cell	  stage	  was	  found	  to	  have	  a	  significantly	  higher	  level	  of	  ZnT-­‐1	  mRNA expression	  compared	  to	  the	  4-­‐cell	  stage. 
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Figure	  3.10	  Change	  in	  ZnT-­‐1mRNA	  expression	  between	  preimplantation	  embryo	  stages	   Preimplantation	  stage	  ZnT-­‐1	  mRNA	  expression	  relative	  to	  the	  oocyte. Expression	  is	  presented	  as	  the	  delta	  delta	  Ct-­‐value	  normalized	  to	  the	  reference	  gene	  β −actin (±	  SEM).	  (Blue	  stars	  represent	  change	  relative	  to	  the	  oocyte,	  red	  stars	  represent	  change relative	  to	  the	  late	  2-­‐cell	  embryo).	  *	  P<	  0.05,	  **	  P<	  0.01,	  ***	  P<0.001,	  ****	  P<	  0.0001 
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3.3.6	  Effect	  of	  pre-­‐implantation	  embryo	  culture	  in	  the	  absence	  and	  presence	  of	  zinc	  on 
ZnT-­‐1	  mRNA	  expression ZnT-­‐1	  mRNA	  transcripts	  were	  expressed	  in	  all	  investigated	  stages	  of	  the	  pre-­‐implantation embryo	  and	  in	  all	  culture	  groups	  (Figure	  3.11).	  mRNA	  expression	  significantly	  decreased	  at the	  zygote	  stage	  when	  cultured	  in	  the	  absence	  of	  zinc	  (EDTA)	  compared	  to	  in	  vivo	  developed (Fresh)	  zygotes	  and	  increased	  at	  the	  late	  2-­‐cell	  stage	  when	  cultured	  in	  the	  presence	  of	  zinc when	  compared	  to	  in	  vivo	  developed	  (Fresh)	  embryos.	  None	  of	  the	  other	  stages	  showed	  any significant	  changes	  in	  expression	  of	  ZnT-­‐1	  due	  to	  the	  presence	  of	  zinc. 
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Figure	  3.11	  Expression	  of	  ZnT-­‐1	  mRNA	  in	  mouse	  preimplantation	  embryo	  in	  different 
culture	  groups 
qPCR	  was	  used	  to	  detect	  the	  expression	  of	  ZnT-­‐1	  mRNA	  in	  the	  oocyte	  and	  preimplantation stage	  embryos:	  oocyte	  (Unfertilised,	  20	  hrs	  post	  hCG);	  late	  2-­‐cell	  (48	  hrs	  post	  hCG);	  4-­‐cell (54	  hrs	  post	  hCG);	  non-­‐compacted	  8-­‐cell	  (72	  hrs	  post	  hCG);	  compacted	  8-­‐cell	  (76	  hrs	  post hCG);	  morula	  (80	  hrs	  post	  hCG);	  blastocyst	  (96	  hrs	  post	  hCG).	  Embryos	  were	  isolated	  and snap-­‐frozen	  fresh	  or	  isolated	  and	  subsequently	  cultured	  in	  mod-­‐HTF	  in	  the	  presence	  or 
absence	  of	  zinc	  (100	  uΜ). Expression	  is	  presented	  as	  the	  delta	  delta	  Ct-­‐value	  normalized	  to 
the	  reference	  gene	  β −actin (±	  SEM)	  and	  expressed	  relative	  to	  the	  expression	  of	  freshly isolated	  embryos	  at	  each	  stage.	  *	  P<	  0.05,	  **	  P<	  0.01,	  ***	  P<0.001,	  ****	  P<	  0.0001 
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Expression	  of	  MT-­‐1	  mRNA	  in	  single	  pre-­‐implantation	  embryos 
3.3.7	  Change	  in	  MT-­‐1	  mRNA	  expression	  with	  pre-­‐implantation	  embryo	  development Transcription	  of	  MT-­‐1	  is	  regulated	  by	  the	  zinc-­‐sensitive	  transcription	  factor	  MTF-­‐1.	  qPCR was	  used	  to	  investigate	  MT-­‐1	  mRNA	  expression	  in	  oocytes	  and	  all	  stages	  of	  pre-­‐implantation embryos	  under	  3	  conditions:	  in	  vivo	  developed,	  cultured	  in	  the	  absence	  of	  zinc	  and	  cultured	  in the	  presence	  of	  zinc	  for	  4	  hours. MT-­‐1	  mRNA	  was	  expressed	  in	  all	  stages	  of	  the	  pre-­‐implantation	  embryo	  and	  in	  all	  culture groups	  with	  the	  exception	  of	  zygotes	  cultured	  in	  the	  absence	  and	  presence	  of	  zinc	  (Figure 3.12B,	  Figure	  3.12C,	  Figure	  3.13B).	  A	  significant	  difference	  in	  expression	  was	  seen	  between the	  oocyte	  and	  and	  other	  stages	  in	  all	  treatment	  groups.	  In	  the	  in	  vivo	  developed	  group, mRNA	  expression	  significantly	  increased	  at	  the	  zygote,	  4-­‐cell,	  non-­‐compacted	  8-­‐cell	  and compacted	  8-­‐cell	  stages	  when	  compared	  to	  the	  oocyte;	  with	  a	  significant	  decrease	  and significant	  increase	  in	  the	  oocyte	  and	  4-­‐cell	  stages	  respectively	  when	  compared	  to	  the	  late	  2-­‐ cell	  stage. The	  group	  cultured	  in	  the	  absence	  of	  zinc	  demonstrated	  a	  significant	  increase	  in	  MT-­‐1	  mRNA expression	  at	  the	  late	  2-­‐cell	  stage	  when	  compared	  to	  the	  oocyte,	  early	  2-­‐cell,	  morula	  and blastocyst	  stages.	  No	  detectable	  mRNA	  was	  measured	  at	  the	  zygote	  stage.	  In	  the	  group cultured	  in	  the	  presence	  of	  zinc,	  MT-­‐1	  expression	  significantly	  increased	  at	  the	  late	  2-­‐cell,	  4-­‐ cell	  and	  non-­‐compacted	  8-­‐cell	  stages	  when	  compared	  to	  the	  oocyte.	  The	  late	  2-­‐cell	  stage	  had significantly	  higher	  expression	  when	  compared	  to	  the	  blastocyst	  also.	  No	  detectable	  MT-­‐1 mRNA	  was	  measured	  at	  the	  zygote	  stage. 
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SEM).	  Preimplantation	  stage	  MT-­‐1	  mRNA	  expression	  relative	  to	  the	  oocyte.	  (Blue	  stars Expression	  presented	  as	  the	  delta	  delta	  Ct-­‐value	  normalized	  to	  the	  reference	  gene	  −αχτιν (± 
Figure	  3.12	  Change	  in	  MT-­‐1mRNA	  expression	  between	  preimplantation	  embryo	  stages 
represent	  change	  relative	  to	  oocyte,	  red	  stars	  represent	  change	  relative	  to	  late	  2-­‐cell	  embryo).	  	   *	  P<	  0.05,	  **	  P<	  0.01,	  ***	  P<0.001,	  ****	  P<	  0.0001	   
3.3.8	  Effect	  of	  pre-­‐implantation	  embryo	  culture	  in	  the	  absence	  and	  presence	  of	  zinc	  on 
MT-­‐1	  mRNA	  expression MT-­‐1	  mRNA	  transcripts	  were	  expressed	  in	  all	  investigated	  stages	  of	  the	  pre-­‐implantation embryo	  and	  in	  all	  culture	  groups	  (Figure	  3.13)	  with	  the	  exception	  of	  zygotes	  cultured	  in	  the absence	  or	  presence	  of	  zinc.	  Significant	  changes	  in	  mRNA	  expression	  when	  compared	  to	  in 
vivo	  developed	  embryos	  included:	  a	  decrease	  with	  culture	  in	  the	  presence	  of	  zinc	  at	  the	  early 2-­‐cell	  stage;	  an	  increase	  with	  culture	  in	  the	  absence	  of	  zinc	  at	  the	  late	  2-­‐cell	  stage;	  and	  a decrease	  with	  culture	  in	  the	  absence	  of	  zinc	  at	  the	  4-­‐cell	  and	  non-­‐compacted	  8-­‐cell	  stage. 
 76 
Figure	  3.13	  Expression	  of	  MT-­‐1	  mRNA	  in	  mouse	  preimplantation	  embryos	  in	  different 
culture	  groups qPCR	  was	  used	  to	  detect	  the	  expression	  of	  MT-­‐1	  mRNA	  in	  the	  oocyte	  and	  preimplantation stage	  embryos:	  oocyte	  (Unfertilised,	  20	  hrs	  post	  hCG);	  late	  2-­‐cell	  (48	  hrs	  post	  hCG);	  4-­‐cell (54	  hrs	  post	  hCG);	  non-­‐compacted	  8-­‐cell	  (72	  hrs	  post	  hCG);	  compacted	  8-­‐cell	  (76	  hrs	  post hCG);	  morula	  (80	  hrs	  post	  hCG);	  blastocyst	  (96	  hrs	  post	  hCG).	  Embryos	  were	  isolated	  and snap-­‐frozen	  fresh	  or	  isolated	  and	  subsequently	  cultured	  in	  mod-­‐HTF	  in	  the	  presence	  or absence	  of	  zinc	  (100µM).	  Expression	  is	  presented	  as	  the	  delta	  delta	  Ct-­‐value	  normalized	  to 
the	  reference	  gene	  β −actin relative	  to	  the	  expression	  in	  freshly	  retrieved	  embryos.	  	  Note:	  n=0	  refers	  to	  0	  embryos	  tested	  at	  the	  zygote	  stage	  producing	  any	  detectable	  results	  when	  
 
when cultured in EDTA or zinc. *	  P<	  0.05,	  **	  P<	  0.01,	  ***	  P<0.001,	  ****	  P<	  0.0001 
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3.4	  DISCUSSION 
3.4.1	  ZnT-­‐1	  mRNA	  expression	  does	  not	  mirror	  MT-­‐1	  mRNA	  expression In	  vivo	  developed	  and	  cultured	  embryos	  showed	  mRNA	  expression	  of	  ZnT-­‐1	  in	  two	  phases: basal	  expression	  from	  the	  oocyte	  to	  the	  4-­‐cell	  stage,	  and	  then	  a	  significant	  decrease	  in expression	  from	  the	  non-­‐compacted	  8-­‐cell	  and	  all	  subsequent	  stages	  relative	  to	  expression	  in the	  oocyte.	  This	  same	  pattern	  of	  expression	  was	  replicated	  in	  oocytes	  and	  embryos	  cultured	  in both	  the	  presence	  and	  absence	  of	  zinc,	  however	  when	  cultured	  in	  the	  absence	  of	  zinc	  the changes	  in	  the	  later	  stages	  were	  not	  found	  to	  be	  significantly	  different	  to	  the	  expression	  in	  the oocyte.	  Interestingly	  this	  pattern	  of	  expression	  for	  ZnT-­‐1	  mRNA,	  seen	  across	  three	  different culture	  groups,	  was	  inconsistent	  with	  the	  expression	  pattern	  for	  MT-­‐1	  in	  the	  same	  stages	  of development	  and	  same	  culture	  groups. 
MT-­‐1	  mRNA	  expression	  in	  in	  vivo	  developed	  and	  cultured	  embryos	  depicted	  three	  phases	  of expression:	  a	  low	  basal	  level	  of	  expression	  from	  the	  oocyte	  until	  the	  late	  2-­‐cell	  stage,	  a significant	  increase	  in	  MT-­‐1	  mRNA	  expression	  at	  the	  4-­‐cell	  stage	  until	  the	  compacted	  8-­‐cell stage	  and	  then	  a	  decrease	  from	  the	  compacted	  8-­‐cell	  stage	  until	  the	  blastocyst.	  The	  expression pattern	  of	  a	  burst	  of	  MT-­‐1	  transcriptional	  activity	  around	  mid-­‐preimplantation	  development was	  consistent	  with	  the	  patterns	  found	  in	  embryos	  cultured	  in	  both	  the	  presence	  and	  absence of	  zinc,	  however	  the	  increase	  in	  MT-­‐1	  transcription	  occurred	  earlier	  at	  the	  late	  2-­‐cell	  stage. 
In	  both	  mouse	  hepatoma	  (Hepa)	  cells	  and	  the	  rat	  brain,	  both	  ZnT-­‐1	  and	  MT-­‐1	  mRNA expression	  has	  been	  shown	  to	  decrease	  significantly	  when	  cultured	  in	  the	  absence	  or deficiency	  of	  zinc	  (Langmade	  et	  al.	  2000;	  Chowanadisai	  et	  al.	  2005).	  Langmade	  et	  al.	  (2000) 
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also	  showed	  that	  addition	  of	  zinc	  to	  culture	  media	  resulted	  in	  a	  12-­‐fold	  increase	  in	  ZnT-­‐1	  and MT-­‐1	  mRNA	  expression	  in	  Hepa	  cells,	  which	  was	  further	  amplified	  to	  a	  26-­‐	  or	  31-­‐fold respective	  increase	  in	  cells	  cultured	  in	  zinc	  following	  a	  culture	  period	  of	  zinc-­‐starvation. 
Some	  similarities	  can	  be	  drawn	  from	  the	  expression	  patterns	  of	  ZnT-­‐1	  and	  MT-­‐1.	  ZnT-­‐1 demonstrates	  a	  burst	  in	  transcriptional	  activity	  at	  the	  late	  2-­‐cell	  stage,	  which	  may	  be	  attributed to	  the	  “zygotic	  genome	  activation”	  phenomenon	  (ZGA).	  ZGA	  marks	  the	  transition	  from maternal	  to	  embryonic	  control	  of	  transcription	  and	  is	  distinguished	  by	  a	  burst	  of transcriptional	  activity	  as	  well	  the	  transcription	  of	  novel	  transcripts	  not	  found	  in	  the	  oocyte (Hamatani	  et	  al.	  2004).	  The	  stage	  at	  which	  this	  occurs	  is	  species	  dependent	  but	  is	  narrowed down	  to	  between	  the	  1-­‐cell	  and	  4-­‐cell	  embryo	  stages	  in	  mammals.	  ZGA	  in	  the	  mouse	  occurs in	  the	  late	  2-­‐cell	  embryo	  (Braude	  et	  al.	  1988;	  Schultz	  1993)	  hence	  a	  burst	  of	  ZnT-­‐1 transcription	  at	  this	  stage	  is	  rational. 
A	  similar	  burst	  of	  transcription	  is	  seen	  in	  MT-­‐1	  mRNA	  expression	  in	  the	  late	  2-­‐cell	  embryos cultured	  in	  both	  the	  presence	  and	  absence	  of	  zinc.	  The	  burst	  of	  expression	  is	  not	  seen	  however until	  the	  4-­‐cell	  stage	  in	  in	  vivo	  developed,	  non-­‐cultured	  embryos.	  The	  difference	  in	  pre-­‐ implantation	  stages	  may	  possibly	  be	  attributed	  to	  the	  time	  difference	  between	  the	  freezing	  of the	  in	  vivo	  developed	  embryos	  and	  cultured	  embryos.	  All	  late	  2-­‐cell	  stage	  embryos	  were isolated	  at	  48	  hours	  post	  HCG	  injection.	  Embryos	  that	  were	  cultured	  in	  the	  presence	  or absence	  of	  zinc	  were	  placed	  in	  relevant	  media	  within	  an	  hour	  of	  isolation,	  cultured	  for	  4 hours,	  then	  collected	  and	  snap-­‐frozen	  within	  an	  hour	  of	  post-­‐culture.	  This	  results	  in	  an additional	  (approximately)	  5-­‐6	  hours	  of	  embryo	  development	  and	  as	  such	  the	  cultured	  embryo is	  snap	  frozen	  at	  a	  developmental	  “age”	  of	  approximately	  54	  hours	  as	  opposed	  to	  its	  freshly-­‐ retrieved	  counterpart	  which	  was	  collected	  and	  snap-­‐frozen	  within	  an	  hour	  and	  thus	  a 
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developmental	  “age”	  of	  approximately	  49	  hours.	  On	  the	  other	  hand,	  freshly	  retrieved	  4-­‐cell embryos	  were	  isolated	  at	  54	  hours	  post	  HCG-­‐injection	  and	  snap-­‐frozen	  within	  an	  hour.	  This results	  in	  the	  freshly	  retrieved	  4-­‐cell	  embryos	  developing	  to	  approximately	  55	  hours	  and	  are thus	  perhaps	  of	  a	  more	  comparable	  developmental	  “age”	  to	  that	  of	  cultured	  late	  2-­‐cell embryos.	  As	  such	  it	  is	  possible	  that	  MT-­‐1	  is	  transcribed	  slowly	  (or	  later)	  and	  that	  culture	  of the	  late	  2-­‐cell	  embryo	  allows	  accumulation	  of	  the	  transcript. This	  same	  hypothesis	  may	  be	  extended	  to	  the	  mRNA	  expression	  results	  for ZnT-­‐1.	  A	  clear	  spike	  in	  expression	  is	  seen	  in	  late	  2-­‐cell	  stage	  embryos	  cultured	  in	  the presence	  and	  absence	  of	  zinc	  compared	  to	  their	  4-­‐cell	  embryo	  counterparts,	  whilst	  the	  freshly retrieved	  embryos	  demonstrated	  more	  comparable	  expression	  of	  ZnT-­‐1	  mRNA	  expression	  to the	  subsequent	  4-­‐cell	  stage. 
Another	  inconsistency	  between	  the	  expression	  patterns	  between	  the	  two	  genes	  is	  the expression	  at	  the	  zygote	  stage.	  ZnT-­‐1	  mRNA	  was	  consistently	  expressed	  at	  the	  zygote	  stage and	  whilst	  MT-­‐1	  mRNA	  was	  detected	  in	  in	  vivo	  developed	  and	  freshly	  retrieved	  zygotes,	  the transcript	  was	  not	  detected	  in	  zygotes	  cultured	  in	  either	  the	  presence	  or	  absence	  of	  zinc.	  In addition	  Andrews	  et	  al.	  (1991)	  detected	  MT-­‐1	  mRNA	  at	  low	  levels	  in	  the	  zygote	  using	  RT-­‐ PCR	  following	  culture	  in	  50µM	  ZnCl2	  for	  5	  hours,	  however	  it	  must	  be	  noted	  that	  the	  time	  of isolation	  (hours	  of	  development)	  at	  this	  stage	  is	  not	  given	  but	  simply	  denoted	  as	  ‘day	  1’	  post-­‐ fertilisation.	  Hence	  the	  discrepancy	  in	  the	  results	  may	  be	  possibly	  attributed	  to	  maternal mRNA	  degradation.	  Actively	  transcribed	  mRNA	  is	  accumulated	  during	  oogenesis	  and utilized	  during	  protein	  synthesis	  throughout	  meiotic	  maturation	  following	  fertilization,	  and continues	  for	  a	  short	  period	  following	  activation	  of	  zygotic	  transcription.	  However	  mass maternal	  mRNA	  degradation	  occurs	  upon	  the	  resumption	  of	  meiosis	  at	  activation	  and	  often results	  in	  a	  60%	  reduction	  of	  the	  total	  mRNA	  content	  in	  the	  oocyte.	  Many	  of	  the	  degraded 
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transcripts	  are	  oocyte-­‐specific,	  however	  if	  the	  transcript	  is	  required	  for	  later	  developmental stages	  then	  the	  zygote	  actively	  transcribes	  the	  necessary	  gene	  (Alizadeh	  et	  al.	  2005). Therefore	  it	  is	  hypothesised	  that	  significant	  maternal	  MT-­‐1	  mRNA	  degradation	  occurs	  during the	  4-­‐hour	  culture	  of	  zygotes	  performed	  in	  the	  experiments,	  regardless	  of	  the	  presence	  or absence	  of	  zinc.	  Therefore	  the	  difference	  between	  the	  detection	  of	  MT-­‐1	  between	  freshly retrieved	  and	  cultured	  zygotes	  as	  well	  as	  the	  study	  by	  Andrews	  et	  al	  (1991)	  may	  possibly	  be attributed	  to	  a	  combination	  of	  the	  timing	  of	  embryo	  isolation,	  recovery	  and	  culture. 
These	  data	  sets	  demonstrate	  that	  ZnT-­‐1	  mRNA	  expression	  does	  not	  mirror	  MT-­‐1	  mRNA expression	  during	  preimplantation	  development	  as	  was	  hypothesised,	  despite	  regulation	  by the	  same	  transcription	  factor	  MTF-­‐1,	  hence	  an	  alternative	  mechanism	  of	  gene	  induction	  or potentially	  a	  mechanism	  of	  post-­‐transcriptional	  processing	  in	  preimplantation	  development	  is hypothesised. 
3.4.2	  ZnT-­‐1	  mRNA	  expression	  increases	  at	  the	  late	  2-­‐cell	  stage	  with	  zinc	  exposure ZnT-­‐1	  mRNA	  expression	  studies	  in	  zebrafish	  embryos	  demonstrated	  an	  increase	  in	  transcript levels	  with	  time	  post-­‐fertilisation	  (Ho	  et	  al.	  2012);	  these	  results	  coupled	  with	  evidence	  that MT-­‐1	  mRNA	  expression	  is	  induced	  significantly	  with	  exposure	  to	  zinc	  in	  the	  mouse	  8-­‐cell embryo	  onwards	  (Andrews	  et	  al.	  1991)	  led	  to	  the	  hypothesis	  that	  both	  ZnT-­‐1	  and	  MT-­‐1 mRNA	  expression	  would	  be	  greater	  from	  the	  8-­‐cell	  embryo	  to	  the	  blastocyst	  stage	  with	  zinc exposure. 
ZnT-­‐1	  mRNA	  expression	  showed	  no	  response	  to	  zinc	  exposure	  from	  the	  4-­‐cell	  stage	  onwards	  and only	  demonstrated	  a	  significant	  increase	  in	  transcription	  at	  the	  late	  2-­‐cell	  stage.	  The	  only other	  response	  to	  culture	  was	  a	  decrease	  in	  ZnT-­‐1	  transcription	  in	  zygotes	  cultured	  in	  the 
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absence	  of	  zinc.	  Given	  that	  maternal	  mRNA	  degradation	  is	  initiated	  following	  activation	  at fertilization,	  it	  is	  hypothesised	  that	  an	  absence	  of	  zinc	  has	  potentially	  accelerated	  the degradation	  process	  through	  an	  unknown	  mechanism. 
In	  contrast	  with	  previous	  studies,	  MT-­‐1	  mRNA	  expression	  showed	  no	  changes	  in	  embryos cultured	  in	  the	  presence	  of	  zinc	  except	  at	  the	  zygote	  stage	  in	  which	  culture	  in	  both	  the presence	  and	  absence	  of	  zinc	  was	  correlated	  with	  no	  measureable	  MT-­‐1	  transcripts.	  However as	  previously	  discussed,	  it	  is	  hypothesised	  that	  culture	  of	  the	  zygote	  allowed	  for	  the	  detection of	  maternal	  mRNA	  degradation	  as	  opposed	  to	  inhibiting	  transcription	  itself. Other	  considerations	  that	  must	  be	  noted	  are	  the	  intrinsic	  differences	  in	  the	  experimental approach	  between	  the	  study	  conducted	  by	  Andrews	  et	  al.	  (1991)	  and	  those	  presented	  here. Andrews	  et	  al.	  (1991)	  attempted	  to	  demonstrate	  the	  change	  in	  expression	  of	  MT-­‐1	  mRNA with	  zinc	  treatment	  using	  autoradiography.	  This	  method	  however	  is	  not	  quantitative	  as opposed	  to	  the	  qPCR	  method	  used	  in	  this	  study.	  Secondly	  Andrews	  et	  al.	  (1991)	  exposed preimplantation	  embryos	  to	  a	  50µM	  concentration	  of	  ZnCl2	  for	  5	  hours	  whereas	  this	  study utilized	  a	  2-­‐fold	  greater	  concentration	  for	  4	  hours.	  It	  is	  possible	  that	  early	  embryos	  require	  a higher	  concentration	  of	  zinc	  than	  later	  stages	  to	  induce	  MT-­‐1	  mRNA	  expression,	  one	  possible reason	  being	  that	  the	  cytoplasmic	  volume	  per	  blastomere	  reduces	  with	  cleavage	  and development.	  Cleavage	  of	  the	  preimplantation	  embryo	  results	  in	  daughter	  cells	  of approximately	  half	  the	  size	  of	  the	  preceding	  embryo,	  hence	  a	  decrease	  in	  cytoplasmic	  volume. Therefore	  more	  developed	  preimplantation	  embryos	  with	  blastomeres	  of	  a	  lower	  cytoplasmic volume	  would	  result	  in	  an	  increased	  intracellular	  concentration	  of	  zinc	  per	  blastomere	  when exposed	  to	  the	  metal	  compared	  to	  less	  developed	  embryos	  with	  a	  higher	  cytoplasmic	  volume exposed	  to	  the	  same	  concentration	  of	  zinc.	  Thirdly	  in	  this	  study	  embryos	  were	  cultured	  in groups	  of	  10-­‐15	  embryos	  per	  20µL	  media	  whereas	  Andrews	  et	  al.	  (1991)	  cultured	  their 
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embryos	  in	  a	  larger	  volume	  (20	  embryos	  per	  1ml	  of	  media).	  Given	  the	  capability	  of preimplantation	  embryos	  to	  develop	  without	  attachment	  to	  other	  tissue(s)	  until	  the	  blastocyst stage	  it	  is	  evident	  that	  the	  embryo	  is	  to	  some	  degree	  self-­‐sufficient	  and	  depends	  on	  autocrine signaling.	  Evidence	  has	  shown	  that	  the	  rate	  of	  preimplantation	  development	  is	  accelerated when	  the	  density	  of	  embryos	  cultured	  is	  greater	  (O'Neill	  1997).	  Hence	  the	  higher	  density	  of embryo	  culture	  in	  this	  study	  may	  possibly	  be	  facilitating	  an	  autocrine	  effect,	  which	  would potentially	  have	  an	  effect	  on	  transcription. 
Interestingly	  the	  study	  by	  Andrews	  et	  al.	  (1991)	  did	  demonstrate	  evidence	  of	  a	  response	  to zinc	  at	  the	  2-­‐cell	  stage.	  Incubation	  of	  2-­‐,	  4-­‐	  and	  8-­‐cell	  embryos	  with	  ZnCl2	  (50µM	  for	  8	  or	  18 hours)	  showed	  a	  significant	  decrease	  in	  capacity	  to	  develop	  to	  the	  blastocyst	  stage.	  The	  result was	  not	  replicated	  however	  when	  the	  embryos	  were	  incubated	  with	  cadmium	  of	  the	  same concentration	  and	  for	  the	  same	  time	  courses,	  which	  is	  of	  particular	  interest	  considering	  that MTF-­‐1,	  which	  drives	  transcription	  of	  both	  MT-­‐1	  and	  ZnT-­‐1,	  has	  been	  shown	  to	  respond	  to cadmium	  as	  well	  as	  zinc. Taken	  together	  the	  results	  from	  the	  study	  by	  Andrews	  et	  al.	  (1991)	  and	  this	  thesis	  indicate	  the potential	  for	  ZnT-­‐1	  and	  MT-­‐1	  mRNA	  expression	  to	  be	  regulated	  by	  mechanisms	  other	  than the	  traditional	  MTF-­‐1	  pathway.	  This	  hypothesis	  is	  further	  supported	  in	  a	  study	  on	  the	  DNA binding	  activity	  of	  MTF-­‐1,	  which	  demonstrated	  not	  only	  a	  differential	  response	  to	  varying concentrations	  of	  cadmium	  and	  zinc	  in	  mouse	  hepatoma	  (Hepa)	  cells,	  but	  also	  interestingly that	  despite	  a	  5-­‐10	  fold	  increased	  potency	  of	  cadmium	  induction	  of	  MT-­‐1	  gene	  expression over	  zinc,	  only	  zinc	  acts	  via	  increased	  MTF-­‐1/DNA	  binding	  (Langmade	  et	  al.	  2000). 
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3.5	  CONCLUSIONS 
ZnT-­‐1	  and	  MT-­‐1	  proteins	  function	  to	  protect	  cells	  against	  heavy	  metal	  toxicity,	  of	  which	  their mRNA	  expression	  is	  induced	  via	  binding	  of	  said	  heavy	  metals	  to	  the	  transcription	  factor MTF-­‐1. 
The	  qPCR	  results	  presented	  in	  this	  chapter	  demonstrate	  stable	  ZnT-­‐1	  mRNA	  expression	  from the	  oocyte	  until	  the	  4-­‐cell	  stage	  at	  which	  point	  there	  is	  a	  significant	  decrease	  until	  the blastocyst	  stage.	  This	  pattern	  of	  expression	  did	  not	  mirror	  the	  expression	  of	  MT-­‐1	  mRNA during	  the	  preimplantion	  period	  as	  was	  hypothesised,	  which	  showed	  an	  increase	  in	  mRNA expression	  during	  mid	  pre-­‐implantation	  development	  and	  a	  subsequent	  decrease	  in	  the	  later stages.	  Additionally	  ZnT-­‐1	  and	  MT-­‐1	  demonstrated	  different	  responses	  to	  zinc	  exposure,	  both compared	  to	  one	  another	  and	  to	  what	  was	  hypothesised	  based	  upon	  previous	  studies. 
The	  results	  presented	  in	  this	  study	  together	  with	  data	  from	  previous	  studies	  indicate	  an alternative	  mechanism(s)	  for	  ZnT-­‐1	  and	  MT-­‐1	  transcription	  as	  well	  as	  differing sensitivity/responsiveness	  to	  heavy	  metal	  induction	  at	  differing	  preimplantation	  stages. Further	  studies	  are	  required	  to	  investigate	  the	  effects	  of	  preimplantation	  embryo	  sensitivity	  to gene	  knock	  out,	  heavy	  metal	  concentration	  and	  autocrine	  signalling. 
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Chapter	  4 
ZnT-­‐1	  protein	  expression	  in	  the	  mouse	  pre-­‐implantation	  embryo 
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4.1	  INTRODUCTION 
ZnT-­‐1	  mRNA	  transcripts	  were	  expressed	  in	  all	  stages	  of	  the	  pre-­‐implantation	  embryo,	  in	  in vivo	  developed	  embryos	  as	  well	  as	  embryos	  cultured	  in	  the	  presence	  and	  absence	  of	  zinc	  as demonstrated	  in	  chapter	  3.	  Late	  2-­‐cell	  embryos	  cultured	  in	  the	  presence	  of	  zinc	  was	  the	  only group	  of	  pre-­‐implantation	  embryos	  to	  exhibit	  an	  increase	  in	  ZnT-­‐1	  mRNA	  expression. ZnT-­‐1	  gene	  expression	  is	  induced	  through	  the	  binding	  and	  subsequent	  activation	  of	  the transcription	  factor	  MTF-­‐1	  by	  zinc,	  which	  binds	  to	  MREs	  located	  in	  the	  ZnT-­‐1	  promoter (Devergnas	  et	  al.	  2004).	  ZnT-­‐1	  is	  ubiquitously	  expressed;	  with	  increased	  exposure	  to	  zinc resulting	  in	  an	  increase	  in	  ZnT-­‐1	  protein	  expression	  in	  cell	  types	  such	  as	  astrocytes	  and intestinal	  cells,	  the	  magnitude	  of	  which	  may	  not	  necessarily	  reflect	  their	  respective	  mRNA expression	  (McMahon	  et	  al.	  1998;	  Nolte	  et	  al.	  2004).	  Expression	  of	  ZnT-­‐1	  protein	  was localized	  to	  the	  plasma	  membrane	  in	  baby	  hamster	  kidney	  (BHK)	  cells	  when	  expressed	  as	  a ZnT-­‐1-­‐green-­‐fluorescent	  protein	  (GFP)	  fusion	  protein	  (Palmiter	  et	  al.	  1995)	  however expression	  of	  ZnT-­‐1	  protein	  throughout	  pre-­‐implantation	  embryo	  development	  has	  not	  been previously	  investigated. ZnT-­‐1	  protein	  expression	  and	  localisation	  in	  the	  oocyte	  and	  all	  stages	  of	  pre	  implantation embryo	  development	  was	  investigated	  using	  immunofluorescent	  staining	  and	  confocal microscopy. The	  aims	  of	  this	  chapter	  were	  to: 1)	  investigate	  expression	  of	  ZnT-­‐1	  protein	  in	  the	  oocyte	  and	  pre-­‐implantation	  embryo	  stages including	  the	  zygote,	  early	  2-­‐cell,	  late	  2-­‐cell,	  4-­‐cell,	  non-­‐compacted	  8-­‐cell,	  compacted	  8-­‐cell, morula	  and	  blastocyst; 2)	  identify	  localization	  of	  ZnT-­‐1	  protein	  in	  the	  oocyte	  and	  pre-­‐implantation	  embryo	  stages. It	  was	  hypothesised	  that: 
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1)	  ZnT-­‐1	  protein	  will	  be	  expressed	  in	  the	  oocyte	  and	  all	  stages	  of	  pre-­‐implantation	  embryo development; 2)	  ZnT-­‐1	  will	  be	  localized	  to	  the	  plasma	  membrane; 3)	  ZnT-­‐1	  protein	  expression	  will	  be	  highest	  in	  the	  late	  2-­‐cell	  embryo	  stage	  when	  the	  mRNA	  is highest; 4)	  ZnT-­‐1	  expression	  will	  be	  highest	  in	  the	  late	  2-­‐cell	  embryo	  stage	  exposed	  to	  zinc. 
 87 
4.2	  METHODS	  AND	  MATERIALS 
4.2.1	  Fixing	  and	  blocking	  embryos Embryos	  were	  incubated	  in	  pronase	  (10	  mg/	  ml	  in	  Hepes	  buffered	  mod	  HTF;	  Calbiochem, Merk	  Millipore)	  for	  2	  minutes	  at	  37°C	  and	  rinsed	  in	  pre-­‐warmed	  Hepes	  Mod-­‐HTF.	  Pronase	  is a	  non-­‐specific	  protease	  used	  to	  digest	  the	  proteins	  of	  the	  zona	  pellucida. 
The	  embryos	  were	  fixed	  in	  4%	  paraformaldehyde	  (PFA)	  in	  PBS	  containing	  1	  mg/ml Polyvinyl	  Alcohol	  (PVA)	  (PBS	  +	  PVA)	  for	  30	  minutes	  at	  room	  temperature	  and	  then	  washed three	  times	  in	  PBS	  +	  PVA.	  Embryos	  were	  permeablised	  in	  PBS	  +	  PVA	  +	  0.3%	  Triton-­‐X-­‐100 for	  30	  minutes	  at	  room	  temperature	  and	  then	  washed	  three	  times	  in	  PBS	  +	  PVA.	  The	  embryos were	  then	  incubated	  in	  PBS	  +	  PVA	  +	  0.7%	  BSA	  +	  0.1%	  Tween-­‐20	  for	  30	  minutes	  at	  room temperature	  to	  block	  non-­‐specific	  antibody	  binding. 
4.2.2	  Incubation	  of	  embryos	  with	  primary	  and	  secondary	  antibodies	  for 
immunofluorescence Primary	  and	  secondary	  antibodies	  were	  diluted	  in	  PBS	  +	  PVA	  +	  0.7%	  BSA	  +	  0.1%	  Tween-­‐20 (Table	  4.1).	  Embryos	  were	  incubated	  in	  the	  primary	  antibody	  overnight	  at	  4°C	  and subsequently	  washed	  three	  times	  in	  PBS	  +	  PVA	  +	  0.7%	  BSA	  +	  0.1%	  Tween-­‐20	  –	  washes	  1 and	  2	  were	  brief,	  with	  the	  third	  lasting	  30	  minutes.	  Following	  this,	  embryos	  were	  incubated	  in the	  secondary	  antibody	  in	  the	  dark	  for	  2	  hours	  and	  subsequently	  washed	  three	  times	  in	  PBS	  + PVA	  +	  0.7%	  BSA	  +	  0.1%	  Tween-­‐20-­‐	  again	  2	  brief	  washes	  followed	  by	  a	  third	  30	  minute incubation.	  Control	  embryos	  were	  treated	  as	  above,	  however	  they	  were	  not	  incubated	  in	  both	  	  primary	  and	  secondary	  antibodies	  but	  either	  only	  primary	  antibodies	  or	  only	  secondary	  	  	  antibodies	  to	  determine	  if	  there	  would	  be	  any	  non-­‐specific	  binding, 
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Table	  4.1	  Antibodies	  used	  in	  immunofluorescent	  staining	  of	  embryos 
Primary	  Antibody 
Anti-­‐	  ZnT-­‐1 
Dilution	  
Concentration 
Source 
1:50	  4	  ug/ml Goat	  polyclonal	  IgG Santa	  Cruz	  Biotechnology 
1:100	  10	  ug/ml Donkey	  anti-­‐goat	  IgG-­‐CFL	  488 Santa	  Cruz	  Biotechnology 
Secondary	  Antibody 
The	  embryos	  were	  mounted	  on	  coverslips	  in	  3µL	  of	  Vectashield	  containing	  DAPI	  (Vector Laboratories,	  Burlingame,	  CA,	  USA).	  Coverslips	  were	  secured	  to	  a	  glass	  slide	  (Livingstone, Rosebury,	  NSW,	  Australia)	  using	  Vaseline	  around	  its	  perimeter. Fluorescent	  staining	  of	  embryos	  was	  imaged	  using	  a	  Zeiss	  LSM	  510	  Meta	  Confocal Microscope	  with	  405nm	  and	  Argon	  488nm	  lasers	  using	  a	  40X	  objective. 
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4.3	  RESULTS 
4.3.1	  ZnT-­‐1	  protein	  is	  expressed	  from	  the	  early	  2-­‐cell	  to	  the	  blastocyst	  stage	  and	  is	  only 
plasma-­‐membrane	  localized	  at	  the	  late	  2-­‐cell	  stage 
Expression	  of	  the	  ZnT-­‐1	  protein	  in	  the	  mouse	  pre	  implantation	  embryo	  was	  examined	  using immunofluorescence	  and	  confocal	  microscopy	  (Figure	  4.1).	  The	  pattern	  of	  ZnT-­‐1	  protein expression	  appeared	  to	  differ	  between	  embryo	  stages	  but	  not	  between	  culture	  groups.	  The oocytes	  and	  zygotes	  displayed	  weak	  and	  evenly	  distributed	  staining	  throughout	  the	  cells, which	  may	  be	  attributed	  to	  background	  staining.	  Early	  2-­‐cell,	  4-­‐cell,	  8-­‐cell	  embryos,	  morulae and	  blastocysts	  demonstrated	  discrete	  punctate	  staining	  within	  the	  cytoplasm;	  the	  punctate staining	  appeared	  to	  be	  weakest	  in	  the	  blastocysts	  and	  punctate	  staining	  within	  the	  4-­‐cell embryos	  appeared	  along	  the	  periphery	  of	  the	  cells. The	  late	  2-­‐cell	  embryos	  exhibited	  a	  pattern	  of	  staining	  distinctive	  from	  the	  other	  stages, appearing	  localized	  to	  the	  outer	  periphery	  of	  the	  cells	  as	  well	  as	  some	  overall	  less	  punctate staining	  within	  the	  cytoplasm. 
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Figure	  4.1	  Localisation	  of	  ZnT-­‐1	  protein	  in	  the	  pre-­‐implantation	  embryo.	  Oocytes	  and	  pre-­‐implantation	  mouse	  embryos	  were	  isolated	  and	  (A)	  fixed	  fresh from	  the	  reproductive	  tract,	  (B)	  cultured	  in	  the	  absence	  of	  zinc	  or	  (C)	  cultured	  in	  the	  presence	  of	  zinc.	  Oocytes	  and	  embryos	  were	  permeabilised,	  blocked then	  stained	  with	  anti-­‐ZnT-­‐1	  and	  Donkey	  anti-­‐goat	  IgG-­‐CFL	  488	  for	  immunofluorescent	  visualization	  using	  confocal	  microscopy.	  The	  green	  staining represents	  immunofluorescent	  ZnT-­‐1	  protein	  whilst	  the	  blue	  represent	  nucleic	  material	  staining	  with	  DAPI.	  The	  pre-­‐implantation	  embryos	  presented	  are representative	  of	  multiple	  replicates.	  (A)	  oocytes	  n=5,	  zygotes	  n=5,	  early	  2-­‐cells	  n=5,	  late	  2-­‐cells	  n=8,	  4-­‐cells	  n=7,	  8-­‐cells	  n=6,	  morulae	  n=14,	  blastocysts n=10;	  (B)	  oocytes	  n=4,	  zygotes	  n=5,	  early	  2-­‐cells	  n=9,	  late	  2-­‐cells	  n=17,	  4-­‐cells	  n=4,	  8-­‐cells	  n=4,	  morulae	  n=2,	  blastocysts	  n=8;	  (C)	  oocytes	  n=10,	  zygotes n=5,	  early	  2-­‐cells	  n=10,	  late	  2-­‐cells	  n=8,	  4-­‐cells	  n=5,	  8-­‐cells	  n=7,	  morulae	  n=6,	  blastocysts	  n=11. 
4.4	  DISCUSSION This	  study	  demonstrated	  for	  the	  first	  time	  the	  expression,	  distribution	  and	  localization	  of	  the ZnT-­‐1	  protein	  in	  the	  mouse	  oocyte	  and	  pre	  implantation	  embryo.	  Expression,	  distribution	  and localization	  were	  shown	  to	  differ	  between	  developmental	  stages,	  but	  were	  not	  affected	  by	  the culture	  conditions	  used	  in	  this	  study. Oocytes	  and	  zygotes	  demonstrated	  very	  weak	  expression	  of	  the	  ZnT-­‐1	  protein-­‐	  if	  any	  at	  all. The	  expression	  increased	  at	  the	  early	  2-­‐cell	  stage	  with	  the	  appearance	  of	  discrete	  and	  evenly distributed	  punctate	  staining	  within	  the	  cytoplasm.	  Localisation	  to	  the	  plasma	  membrane,	  or just	  below	  the	  membrane,	  was	  seen	  in	  the	  late	  2-­‐cell	  stage	  with	  some	  uneven	  punctate staining	  within	  the	  cytoplasm.	  The	  overall	  level	  of	  expression	  was	  also	  increased	  further	  at the	  late	  2-­‐cell	  stage	  compared	  to	  the	  early	  2-­‐cell	  stage.	  The	  staining	  also	  appeared	  to	  be localized	  to	  the	  portion	  of	  the	  membrane	  exposed	  to	  the	  extracellular	  environment	  i.e	  not	  that which	  would	  provide	  an	  interface	  to	  the	  sister	  cell.	  4-­‐cell	  embryos	  did	  not	  display	  membrane-­‐ localisation	  but	  punctate	  staining	  close	  to	  the	  plasma	  membrane	  with	  some	  also	  distributed throughout	  the	  cytoplasm.	  8-­‐cell	  embryos	  and	  morulae	  also	  showed	  this	  punctate	  staining	  of the	  ZnT-­‐1	  protein,	  with	  no	  apparent	  membrane-­‐localisation.	  Blastocysts	  demonstrated	  very weak	  and	  unevenly	  distributed	  punctate	  staining. 
4.4.1	  ZnT-­‐1	  protein	  expression	  first	  appears	  at	  the	  early	  2-­‐cell	  stage In	  chapter	  3	  it	  was	  demonstrated	  that	  ZnT-­‐1	  mRNA	  was	  present	  in	  the	  oocyte	  and	  all	  stages of	  the	  pre-­‐implantation	  embryo,	  and	  as	  such	  it	  was	  hypothesised	  that	  ZnT-­‐1	  protein	  would	  be similarly	  expressed.	  Oocytes	  developed	  in	  vivo	  or	  cultured	  in	  zinc	  showed	  no	  significant difference	  in	  ZnT-­‐1	  mRNA	  compared	  to	  other	  pre-­‐implantation	  stages	  up	  until	  the	  4-­‐cell stage	  but	  did	  exhibit	  a	  higher	  expression	  of	  ZnT-­‐1	  mRNA	  transcripts	  compared	  to	  the	  later stages	  including	  the	  non-­‐compacted	  8-­‐cell	  to	  blastocyst	  stages	  (excluding	  the	  compacted	  8-­‐ 
cell	  stage	  in	  in	  vivo	  developed	  embryos).	  In	  contrast	  to	  these	  qPCR	  results, immunofluorescent	  staining	  of	  all	  groups	  showed	  oocytes	  and	  zygotes	  to	  have	  the	  lowest protein	  expression	  of	  all	  pre	  implantation	  embryo	  stages,	  with	  translation	  appearing	  to	  begin at	  the	  early	  2-­‐cell	  stage	  despite	  qPCR	  results	  suggesting	  that	  there	  is	  no	  significant	  difference in	  mRNA	  expression	  between	  the	  oocyte	  and	  early	  2-­‐cell	  stage. It	  is	  hypothesised	  that	  the	  transcripts	  present	  in	  the	  oocyte	  are	  translated	  at	  a	  later	  stage resulting	  in	  the	  protein	  present	  from	  the	  8-­‐cell	  stage.	  A	  similar	  phenomenon	  is	  outlined	  in	  a review	  by	  Schultz	  (2002)	  who	  described	  an	  uncoupling	  of	  transcription	  and	  translation	  at	  the zygote	  stage	  of	  preimplantation	  development.	  Studies	  showed	  that	  whilst	  transgenic	  luciferase transcripts	  were	  detected	  at	  the	  zygote	  stage,	  corresponding	  luciferase	  activity	  was	  not detected	  until	  the	  2-­‐cell	  stage.	  Similarly,	  whilst	  injection	  of	  a	  luciferase	  reporter	  gene	  into	  the nucleus	  of	  a	  2-­‐cell	  blastomere	  resulted	  in	  detectable	  luciferase	  activity	  the	  zygote	  did	  not demonstrate	  comparable	  results.	  However	  luciferase	  activity	  was	  detected	  at	  the	  early	  2-­‐cell stage	  following	  injection	  at	  the	  zygote	  stage	  thus	  suggesting	  a	  transcription-­‐translation “coupling”	  following	  the	  first	  cleavage	  event	  in	  the	  preimplantation	  embryo	  (Schultz	  2002). 
4.4.2	  ZnT-­‐1	  localisation	  to	  the	  plasma	  membrane	  did	  not	  increase	  with	  embryo	  culture	  in	  zinc ZnT-­‐1	  has	  been	  shown	  to	  confer	  resistance	  to	  zinc	  toxicity	  in	  other	  cell	  types,	  including	  baby hamster	  kidney	  (BHK)	  cells	  (Palmiter	  et	  al.	  1995)	  and	  its	  localization	  to	  the	  plasma membrane	  suggests	  that	  this	  resistance	  is	  due	  to	  zinc	  efflux	  facilitated	  by	  ZnT-­‐1.	  MacMahon et	  al	  (1998)	  showed	  that	  a	  high	  oral	  dose	  of	  zinc	  administered	  to	  rats	  resulted	  in	  an	  increase	  in serum	  levels	  of	  zinc	  and	  a	  corresponding	  increase	  in	  intestinal	  ZnT-­‐1	  mRNA,	  which translated	  into	  a	  small	  increase	  in	  ZnT-­‐1	  protein	  expression.	  In	  a	  study	  on	  astrocytes,	  Nolte	  et 
al	  (2004)	  also	  concluded	  that	  ZnT-­‐1	  localized	  to	  the	  plasma	  membrane	  and	  provided resistance	  to	  zinc	  toxicity	  when	  the	  cells	  were	  exposed	  to	  high	  doses	  of	  zinc.	  Additionally,	  the 
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study	  found	  that	  priming	  of	  the	  cells	  with	  a	  sub-­‐lethal	  dose	  of	  zinc	  resulted	  in	  an	  increase	  in ZnT-­‐1	  protein	  expression	  as	  well	  as	  an	  increased	  resistance	  to	  zinc	  toxicity. Hence	  it	  was	  hypothesised	  for	  this	  study	  that	  given	  the	  increase	  in	  ZnT-­‐1	  mRNA	  expression in	  embryos	  cultured	  in	  the	  presence	  of	  zinc	  at	  the	  late	  2-­‐cell	  stage,	  a	  corresponding	  increase	  in ZnT-­‐1	  localisation	  to	  the	  plasma	  membrane	  would	  be	  seen	  in	  these	  same	  embryos. Immunofluorescent	  staining	  of	  the	  late	  2-­‐cell	  stage	  embryos	  however	  demonstrated	  no difference	  in	  ZnT-­‐1	  plasma	  membrane	  staining	  in	  embryos	  cultured	  in	  the	  presence	  of	  zinc compared	  to	  those	  that	  were	  not.	  Similarly	  to	  the	  study	  by	  MacMahon	  et	  al	  (1998),	  which demonstrated	  a	  lower	  than	  anticipated	  ZnT-­‐1	  protein	  expression	  based	  upon	  corresponding mRNA	  expression,	  it	  is	  apparent	  that	  ZnT-­‐1	  mRNA	  and	  protein	  expression	  is	  not	  necessarily reflective	  of	  one	  another	  in	  the	  late	  2-­‐cell	  stage	  mouse	  pre-­‐implantation	  embryo.	  Further studies	  may	  be	  required	  to	  determine	  the	  appropriate	  concentration	  of	  zinc	  and	  time-­‐course	  to induce	  ZnT-­‐1	  protein	  expression,	  as	  the	  concentration	  used	  in	  the	  astrocyte	  study	  by	  Nolte	  et al	  (2004)	  was	  half	  of	  that	  used	  in	  this	  study	  with	  the	  time-­‐course	  being	  6-­‐times	  longer. Additionally,	  it	  is	  possible	  that	  at	  this	  stage	  of	  development	  ZnT-­‐1	  may	  not	  be	  the	  primary facilitator	  of	  zinc-­‐efflux	  for	  protection	  against	  zinc-­‐toxicity	  but	  that	  some	  other	  mechanism(s) may	  be	  present.	  Further	  studies	  on	  MT-­‐1	  protein	  expression,	  and	  other	  mediators	  of	  free	  zinc, would	  illustrate	  which	  mechanisms	  are	  primarily	  responsible	  for	  conferring	  resistance	  to	  zinc toxicity	  in	  the	  mouse	  pre-­‐implantation	  embryo. 
4.4.3	  ZnT-­‐1	  protein	  localizes	  to	  the	  plasma	  membrane	  at	  the	  late	  2-­‐cell	  stage	  only Punctate	  staining	  of	  ZnT-­‐1	  has	  been	  shown	  in	  other	  cell	  types	  including	  the	  rat	  mammary gland	  and	  small	  intestine,	  which	  were	  postulated	  to	  represent	  vesicular	  compartments	  and endosomal-­‐like	  structures	  (Kelleher	  et	  al.	  2003;	  Liuzzi	  et	  al.	  2003).	  It	  is	  possible	  that	  the punctate	  staining	  seen	  at	  this	  stage	  is	  representative	  of	  ZnT-­‐1	  synthesis	  or	  some	  other 
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mechanism	  associated	  with	  trafficking	  of	  the	  protein	  to	  the	  membrane	  considering	  the localization	  of	  the	  protein	  to	  the	  periphery	  of	  the	  cells	  in	  the	  subsequent	  late	  2-­‐cell	  stage. ZnT-­‐1	  is	  the	  only	  ZnT	  protein	  localized	  to	  the	  plasma	  membrane	  and	  given	  an	  increased sensitivity	  and	  decreased	  turnover	  of	  zinc	  when	  the	  transporter	  is	  mutated,	  as	  well	  as	  an increased	  resistance	  to	  zinc	  toxicity	  in	  cells	  overexpressing	  the	  protein;	  ZnT-­‐1	  is	  accepted	  as	  a protein	  that	  mediates	  zinc	  efflux	  from	  the	  intracellular	  environment	  across	  the	  plasma membrane	  (Palmiter	  et	  al.	  1995;	  Tsuda	  et	  al.	  1997;	  Kambe	  et	  al.	  2004).	  Hence	  ZnT-­‐1 expression	  close	  to	  the	  plasma	  membrane	  at	  the	  late	  2-­‐cell	  stage	  suggests	  a	  role	  for	  the	  protein at	  this	  stage	  in	  particular.	  This	  function	  is	  further	  supported	  by	  the	  observation	  that	  the	  protein appears	  to	  particularly	  localize	  to	  the	  portion	  of	  the	  cell	  periphery	  that	  does	  not	  come	  into contact	  with	  another	  cell;	  hence	  this	  localization	  would	  allow	  the	  ZnT-­‐1	  protein	  to	  facilitate zinc	  efflux	  directly	  into	  the	  extracellular	  environment	  as	  opposed	  to	  enabling	  shuttling	  of	  the cation	  from	  one	  cell	  into	  another.	  The	  punctate	  staining	  within	  the	  late	  2-­‐cell	  stage	  could possibly	  be	  attributed	  to	  continued	  synthesis	  or	  trafficking	  mechanisms	  as	  hypothesised	  for the	  early	  2-­‐cell. Punctate	  staining	  at	  the	  4-­‐cell	  stage	  appears	  to	  also	  localize	  to	  the	  periphery	  of	  the	  cells,	  with less	  distributed	  within	  the	  cytoplasm.	  It	  is	  possible	  that	  the	  peripheral	  punctate	  staining	  could be	  attributed	  to	  a	  mechanism	  responsible	  for	  recycling	  or	  degradation.	  It	  is	  hypothesised	  that the	  staining	  is	  associated	  with	  degradation	  considering	  the	  peripheral	  localisation	  of	  the protein	  is	  not	  seen	  again	  in	  subsequent	  pre	  implantation	  embryo	  stages.	  The	  punctate	  staining	  also appears	  to	  be	  larger	  and	  less	  distributed	  within	  the	  cytoplasm	  than	  that	  seen	  in	  earlier	  stages, thus	  alluding	  to	  a	  different	  mechanism. ZnT-­‐1	  staining	  at	  the	  8-­‐cell	  and	  morula	  stages	  is	  somewhat	  similar	  to	  the	  4-­‐cell	  stage	  in	  that the	  puncta	  are	  larger	  than	  in	  the	  early	  and	  late	  2-­‐cell	  stages.	  However,	  the	  8-­‐cell	  and	  morula stages	  do	  not	  appear	  to	  exhibit	  any	  localization	  to	  the	  cell	  periphery,	  though	  this	  is	  not	  as 
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easily	  determined	  as	  with	  compaction	  the	  individual	  blastomeres	  are	  less	  readily	  defined. Blastocysts	  exhibit	  very	  little	  ZnT-­‐1	  staining	  with	  only	  few	  puncta	  visible	  despite	  numerous blastomeres.	  The	  decreased	  staining	  from	  the	  4-­‐cell	  until	  the	  blastocyst	  stage	  is	  consistent with	  the	  hypothesis	  that	  ZnT-­‐1	  is	  being	  degraded	  via	  an	  unknown	  mechanism. 
 96 
4.5	  CONCLUSION This	  study	  demonstrates	  the	  expression,	  distribution	  and	  localization	  of	  the	  ZnT-­‐1	  protein	  in the	  mouse	  oocyte	  and	  pre-­‐implantation	  embryo.	  ZnT-­‐1	  protein	  is	  not	  expressed	  in	  the	  oocyte nor	  all	  stages	  of	  pre-­‐implantation	  embryo	  developed	  as	  was	  hypothesised	  but	  appears	  from the	  early	  2-­‐cell	  stage	  onwards.	  Localisation	  to	  the	  plasma	  membrane	  is	  only	  seen	  at	  the	  late	  2-­‐ cell	  stage	  and	  given	  its	  proposed	  mechanism	  to	  act	  as	  a	  facilitator	  of	  zinc	  efflux	  it	  is	  assumed that	  ZnT-­‐1	  protein	  is	  functional	  only	  at	  this	  stage	  during	  pre-­‐implantation	  development.	  It	  was hypothesised	  also	  that	  ZnT-­‐1	  protein	  expression	  would	  be	  greatest	  at	  the	  late	  2-­‐cell	  stage	  and in	  embryos	  cultured	  in	  the	  presence	  of	  zinc	  and	  whilst	  the	  protein	  was	  not	  quantified	  it	  would appear	  that	  the	  late	  2-­‐cell	  stage	  embryos	  do	  express	  functional	  ZnT-­‐1	  to	  a	  greater	  extent	  than the	  other	  developmental	  stages;	  however	  zinc	  exposure	  itself	  did	  not	  demonstrate	  any perceivable	  increase	  in	  protein	  expression. 
It	  would	  appear	  then	  that	  synthesis	  is	  initiated	  at	  the	  early	  2-­‐cell	  stage,	  localizes	  to	  the	  plasma membrane	  at	  the	  late	  2-­‐cell	  stage	  and	  begins	  to	  undergo	  degradation	  from	  the	  4-­‐cell	  stage	  onwards. 
The	  following	  experiments	  were	  carried	  out	  to	  determine	  whether	  plasma	  membrane-­‐localised ZnT-­‐1	  has	  an	  effect	  on	  the	  calcium	  influx	  in	  the	  early	  and	  late	  2-­‐cell	  embryos.	  Given	  previous findings	  outlining	  regulation	  of	  voltage-­‐gated	  calcium	  channels	  by	  ZnT-­‐1,	  Calcium	  imaging studies	  were	  carried	  out	  to	  determine	  whether	  ZnT-­‐1	  has	  an	  effect	  on	  calcium	  influx	  in	  the preimplantation	  embryo. 
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Chapter	  5 
Calcium	  imaging	  of	  the	  early	  and	  late	  2-­‐cell	  embryos 
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5.1	  INTRODUCTION 
Immunofluorescent	  studies	  detailed	  in	  chapter	  4	  determined	  that	  ZnT-­‐1	  protein	  was	  present	  in all	  stages	  of	  preimplantation	  development.	  Punctate	  staining	  visualized	  at	  the	  early	  2-­‐cell stage	  is	  hypothesised	  to	  represent	  ZnT-­‐1	  synthesis	  in	  an	  intracellular	  membrane	  compartment whilst	  plasma	  membrane	  localization	  at	  the	  late	  2-­‐cell	  stage	  is	  indicative	  of	  the	  functional capacity	  of	  the	  protein,	  which	  acts	  as	  a	  facilitator	  for	  zinc	  efflux. 
The	  ZnT-­‐1	  protein	  is	  known	  to	  differentially	  regulate	  the	  activity	  of	  the	  T-­‐type	  and	  L-­‐type calcium	  channels	  (TTCC,	  LTCC)	  in	  cardiomyocytes	  by	  stimulating	  expression	  and	  inhibiting translocation	  respectively	  (Levy	  et	  al.	  2009;	  Beharier	  et	  al.	  2010;	  Mor	  et	  al.	  2012).	  A	  ZnT-­‐1 mediated	  change	  in	  ion	  influx	  via	  the	  LTCC	  has	  been	  recorded	  in	  several	  cell	  types,	  including a	  significant	  decrease	  in	  maximal	  calcium	  influx	  in	  xenopus	  oocytes;	  a	  decrease	  in	  ion	  influx in	  neonatal	  cardiomyocytes	  with	  ZnT-­‐1	  overexpression	  as	  well	  as	  inhibition	  of	  cation	  influx in	  HEK	  293	  and	  PC-­‐12	  cultured	  cells	  (Beharier	  et	  al.	  2010).	  The	  ZnT-­‐1	  modulation	  of	  LTCC influx	  was	  found	  in	  xenopus	  oocytes	  to	  occur	  without	  reduction	  in	  the	  total	  expression	  of	  the pore-­‐forming	  α1-­‐subunit	  of	  the	  LTCC.	  Instead	  ZnT-­‐1	  facilitated	  modulation	  of	  LTCC-­‐ mediated	  cation	  influx	  via	  interference	  with	  the	  β −subunit of	  the	  Ca2+	  channel,	  which	  is 
responsible	  for	  trafficking	  the	  α1-­‐subunit	  from	  the	  endoplasmic	  reticulum	  to	  the	  plasma 
membrane	  (see	  figure	  1.8).	  Thus,	  ZnT-­‐1	  co-­‐precipitated	  with	  the	  β −subunit and	  the	  ZnT-­‐1 
mediated	  channel	  regulation	  was	  abolished	  in	  the	  absence	  and	  excess	  of	  the	  β −subunit (Levy et	  al.	  2009). 
T-­‐type	  calcium	  channels	  are	  differentially	  regulated,	  which	  includes	  activation	  by	  endogenous ligands,	  G-­‐protein-­‐coupled	  receptors	  and	  several	  second	  messengers	  and	  protein	  kinase pathways	  (Mor	  et	  al.	  2012).	  CDF-­‐1,	  a	  functional	  homolog	  of	  ZnT-­‐1,	  has	  been	  shown	  to 
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stimulate	  the	  Ras-­‐signalling	  pathway	  in	  C.	  elegans	  and	  xenopus	  oocytes	  (Bruinsma	  et	  al. 2002).	  ZnT-­‐1	  also	  stimulates	  the	  Ras-­‐ERK	  signaling	  pathway	  by	  directly	  binding	  to	  the regulatory	  portion	  of	  Raf-­‐1	  kinase,	  which	  subsequently	  resulted	  in	  an	  increase	  in	  ERK-­‐1/2 phophorylation	  and	  activity	  (Jirakulaporn	  et	  al.	  2004;	  Mor	  et	  al.	  2012).	  Co-­‐expression	  of ZnT-­‐1	  with	  non-­‐active	  Raf	  (NAF)	  inhibited	  the	  ZnT-­‐1-­‐mediated	  activation	  of	  the	  signaling pathway	  (Figure	  5.1) 
Figure	  5.1	  A)	  ZnT-­‐1	  binds	  to	  Raf-­‐1	  which	  results	  in	  an	  increase	  in	  ERK-­‐1/2	  phosphorylation and	  activity.	  B)	  Replacement	  of	  Raf-­‐1	  with	  non-­‐active	  Raf	  (NAF)	  results	  in	  inhibition	  of ZnT-­‐1	  mediated	  activation	  of	  ERK	  (Modified	  from	  Mor	  et	  al.	  2012). 
This	  ZnT-­‐1-­‐mediated	  activation	  of	  the	  Ras-­‐ERK	  signaling	  pathway	  was	  shown	  by	  Mor	  et	  al (2012)	  to	  augment	  the	  surface	  expression	  and	  activity	  of	  the	  T-­‐type	  calcium	  channel	  in several	  cell	  lines.	  Overexpression	  of	  ZnT-­‐1	  in	  xenopus	  ooctyes	  expressing	  Cav3.1	  and	  Cav3.2 variants	  of	  the	  TTCC	  resulted	  in	  an	  increase	  in	  the	  peak	  calcium	  influx	  current,	  whilst coexpression	  of	  the	  transporter	  with	  NAF	  inhibited	  the	  increase.	  NAF	  alone	  had	  little inhibitory	  effect	  on	  the	  current.	  These	  findings	  were	  consistent	  when	  replicated	  in	  mammalian 
 
cells.	  Biotinylation	  experiments	  in	  human	  embryonic	  kidney	  cells	  (HEKT-­‐293)	  determined that	  co-­‐expression	  of	  ZnT-­‐1	  with	  Cav3.1	  resulted	  in	  an	  increase	  in	  surface	  expression	  of	  the channel	  and	  that	  inhibition	  of	  the	  Ras-­‐ERK	  signaling	  pathway	  with	  the	  MEK-­‐1	  inhibitor	  PD-­‐ 98059	  inhibited	  plasma	  membrane	  translocation	  of	  Cav3.1	  (Figure	  5.2). 
Figure	  5.2	  Co-­‐expression	  of	  ZnT-­‐1	  with	  Cav3.1	  resulted	  in	  an	  increase	  in	  surface	  expression of	  the	  channel,	  which	  was	  inhibited	  with	  the	  MEK-­‐1	  inhibitor PD-­‐98059. 
Additionally,	  Mor	  et	  al	  (2012)	  looked	  at	  the	  effect	  of	  transient	  exposure	  of	  cells	  to	  zinc	  on Ca2+	  influx.	  Zinc	  treatment	  was	  found	  to	  result	  in	  an	  increase	  in	  ZnT-­‐1	  expression	  and	  a 
subsequent	  increase	  in	  the	  surface	  expression	  of	  Cav3.1	  as	  described	  earlier. Considering	  the	  results	  presented	  in	  chapter	  4,	  the	  early	  2-­‐cell	  and	  late	  2-­‐cell	  embryos	  were selected	  to	  determine	  if	  functional	  ZnT-­‐1	  i.e.	  plasma	  membrane	  localized,	  would	  result	  in	  a change	  in	  calcium	  influx. 
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The	  aims	  of	  this	  chapter	  were	  to: 1)	  Determine	  if	  there	  was	  a	  change	  in	  calcium	  influx	  between	  the	  early	  2-­‐cell	  and	  late	  2-­‐ cell	  mouse	  preimplantation	  embryo. It	  was	  hypothesised	  that: 1)	  calcium	  influx	  in	  the	  late	  2-­‐cell	  embryo	  would	  differ	  to	  the	  early	  2-­‐cell	  embryo. 
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5.2	  METHODS	  AND	  MATERIALS Ca2+	  imaging	  of	  embryos 
5.2.1	  Loading	  of	  embryos	  with	  Fura2-­‐AM Between	  5-­‐8	  embryos	  were	  incubated	  in	  for	  2	  minutes	  and	  washed	  3	  times	  in	  Hepes	  mod-­‐HTF to	  remove	  the	  zona	  pellucida.	  Following	  this,	  the	  embryos	  were	  then	  incubated	  in	  the	  dark	  in 1µM	  Fura-­‐2-­‐acetoxymethyl	  ester	  (Fura2-­‐AM;	  Molecular	  Probes,	  Invitrogen)	  in	  Hepes	  mod HTF	  for	  20	  minutes	  at	  37°C.	  Fura2-­‐AM	  is	  a	  ratiometric	  fluorescent	  dye	  that	  permeates	  the plasma	  membrane.	  Once	  inside	  the	  cell	  the	  AM	  is	  cleaved	  off	  by	  the	  esterases	  leaving	  free Fura2	  to	  bind	  to	  free	  Ca2+,	  thus	  acting	  as	  an	  indicator	  of	  intracellular	  Ca2+	  concentration. When	  excited,	  unbound	  Fura2	  fluorescence	  emission	  peaks	  at	  380	  nm,	  whilst	  Ca2+-­‐bound 
Fura2	  fluorescence	  emission	  peaks	  at	  340	  nm.	  Hence	  measurement	  of	  the	  ratio	  of fluorescence	  at	  both	  340	  nm	  and	  380	  nm	  enables	  the	  intracellular	  calcium	  concentration	  to	   
 be	  measured. 
5.2.2	  Perfusion	  media	  and	  imaging	  of	  early	  2-­‐cell	  and	  late	  2-­‐cell	  embryos Fura2-­‐AM	  loaded	  embryos	  were	  immediately	  transferred	  onto	  a	  15mm	  wide	  coverslip	  coated with	  Concanavalin-­‐A	  (Con-­‐A),	  which	  was	  attached	  to	  a	  bath	  chamber	  using	  vacuum	  grease (Dow	  Corning).	  The	  embryos	  were	  exposed	  to	  a	  continuous	  perfusion	  of	  Hepes-­‐buffered mod-­‐	  HTF	  containing	  a	  low	  concentration	  of	  KCl	  (4.69	  mM)	  (Table	  5.1)	  at	  a	  rate	  of	  1 ml/min.	  The	  perfusion	  media	  was	  kept	  at	  a	  constant	  temperature	  of	  37°C	  via	  thermostatically controlled	  in-­‐line	  heaters	  (Warner	  Instruments). Once	  the	  embryos	  were	  identified	  on	  the	  software	  (Simple	  PCI),	  a	  baseline	  recording	  of intracellular	  calcium	  was	  taken	  for	  3-­‐5	  minutes.	  Following	  this,	  the	  perfusion	  media	  was changed	  to	  one	  that	  contained	  a	  high	  concentration	  of	  KCl	  (100	  mM)	  (Table	  5.2)	  with 
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changes	  in	  intracellular	  calcium	  recorded	  for	  a	  subsequent	  15-­‐20	  minutes.	  The	  perfusion media	  was	  subsequently	  changed	  back	  to	  Hepes-­‐buffered	  mod-­‐	  HTF	  containing	  4.69	  mM	  KCl to	  determine	  whether	  intracellular	  Ca2+	  returned	  to	  returned	  baseline	  levels. 
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Table	  5.1	  Composition	  of	  low	  KCl	  Hepes-­‐buffered	  HTF	  for	  embryo	  perfusion 
Concentration 76.29	  mM 4.69	  mM 0.37	  mM 0.2	  mM 4.15	  mM 0.11	  mM 0.24% 
Components NaCl KCl KH2PO4 MgCl2·6H2O NaHCO3 Na2EDTA Lactic	  acid 
M.W. 58.44 74.55 136.09 4.9M	  stock 84.01 372.24 60% syrup	  stock 
g/L 4.458 0.3499 0.0504 40	  µl 0.3486 0.00 3.98	  ml 
Source Sigma Sigma Sigma Sigma Sigma Sigma Sigma 
0.33	  mM 1	  mM 2.78	  mM 2.04	  mM 20.4	  mM 
Na	  Pyruvate Glutamine Glucose CaCl2 Hepes 
110.00 146.1 180.16 1	  M	  stock 238.3 
0.0363 0.1462 0.5008 2.04	  ml 4.8613 
Sigma Sigma Sigma BDH Sigma 
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Table	  5.2	  Composition	  of	  high	  KCl	  Hepes-­‐buffered	  HTF	  for	  embryo	  perfusion 
Concentration 76.29	  mM 100	  mM 0.37	  mM 0.2	  mM 4.15	  mM 0.11	  mM 0.24% 
0.33	  mM 1	  mM 2.78	  mM 2.04	  mM 20.4	  mM 
Components NaCl KCl KH2PO4 MgCl2·6H2O NaHCO3 Na2EDTA Lactic	  acid 
Na	  Pyruvate Glutamine Glucose CaCl2 Hepes 
M.W. 58.44 74.55 136.09 4.9M	  stock 84.01 372.24 60%	  syrup	  stock 
110.00 146.1 180.16 1	  M	  stock 238.3 
g/L 4.458 7.455 0.0504 40	  µl 0.3486 0.00 3.98	  ml 
0.0363 0.1462 0.5008 2.04	  ml 4.8613 
Source Sigma Sigma Sigma Sigma Sigma Sigma Sigma 
Sigma Sigma Sigma BDH Sigma 
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5.3	  RESULTS 
5.3.1	  No	  change	  in	  Ca2+	  influx	  was	  observed	  between	  the	  early	  2-­‐cell	  and	  late	  2-­‐cell 
embryos Calcium	  influx	  in	  both	  the	  early	  and	  late	  2-­‐cell	  mouse	  pre-­‐implantation	  embryo	  was	  examined using	  calcium	  imaging.	  The	  pattern	  of	  influx	  between	  the	  two	  stages	  of	  embryo	  development did	  not	  appear	  to	  differ	  (Figure	  5.1).	  Upon	  depolarization	  of	  the	  cell	  membrane	  potential	  due to	  perfusion	  with	  100	  mM	  KCl	  solution,	  both	  the	  early	  and	  late	  2-­‐cell	  embryos	  displayed	  an increase	  in	  calcium	  influx	  that	  plateaued	  for	  several	  minutes	  and	  then	  subsequently	  decreased and	  returned	  to	  baseline. 
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A 
100mM	  KCl	   4.69mM	  KCl	   
Fluorescence	  ratio (340/380) 
4	  minutes 
B 
100mM	  KCl	   4.69mM	  KCl	   
Figure	  5.3	  Representative	  calcium	  traces	  of	  (a)	  early	  2-­‐cell	  embryos	  and	  (b)	  late	  2-­‐cell 
embryos.	  Changes	  in	  intracellular	  free	  calcium	  was	  measured	  via	  calcium	  imaging.	  Embryos were	  perfused	  with	  a	  low	  KCl	  perfusion	  medium	  to	  establish	  a	  baseline	  recording, subsequently	  depolarized	  via	  perfusion	  using	  a	  medium	  containing	  100	  mM	  KCl	  and	  again perfused	  with	  the	  low	  KCl	  medium	  to	  allow	  the	  membrane	  potential	  to	  return	  to	  baseline. Change	  in	  media	  are	  indicated	  by	  the	  arrows.	  Graph	  (a)	  represents	  10	  embryos	  at	  the	  early	  2-­‐ cell	  stage;	  graph	  (b)	  represents	  7	  embryos	  at	  the	  late	  2-­‐cell	  stage. 
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5.4	  DISCUSSION 
ZnT-­‐1	  has	  been	  shown	  to	  differentially	  regulate	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels	  in other	  cell	  types.	  This	  study	  aimed	  to	  determine	  if	  there	  is	  a	  difference	  in	  calcium	  influx between	  the	  early	  2-­‐cell	  stage,	  at	  which	  it	  is	  hypothesised	  that	  ZnT-­‐1	  is	  synthesized,	  and	  the late	  2-­‐cell	  stage	  in	  which	  it	  appears	  that	  the	  protein	  is	  plasma	  membrane	  bound	  and functional.	  This	  study	  did	  not	  demonstrate	  any	  changes	  in	  calcium	  influx	  at	  these	  two	  stages and	  suggests	  that	  ZnT-­‐1	  does	  not	  regulate	  the	  LTCC	  or	  TTCC	  in	  the	  mouse	  preimplantation embryo. 
Previous	  studies	  have	  demonstrated	  a	  ZnT-­‐1	  mediated	  inhibition	  of	  the	  L-­‐type	  calcium channel	  current	  in	  xenopus	  oocytes,	  cardiomyocytes	  and	  Chinese	  hamster	  ovary	  cells-­‐	  a	  result that	  was	  not	  replicated	  in	  this	  study.	  It	  has	  been	  previously	  determined	  that	  inhibition	  of	  the 
LTCC	  current	  occurred	  through	  preferential	  binding	  of	  ZnT-­‐1	  to	  the	  β −subunit of	  the	  LTCC, 
which	  is	  responsible	  for	  trafficking	  the	  α1-­‐subunit	  from	  the	  endoplasmic	  reticulum	  to	  the plasma	  membrane	  (Levy	  et	  al.	  2009).	  All	  measurements	  conducted	  by	  Levy	  et	  al	  (2009)	  were performed	  after	  24	  hours,	  48	  hours	  and	  5	  days	  of	  cell	  seeding	  and	  transfection.	  However	  in this	  study	  early	  and	  late	  2-­‐cell	  embryos	  were	  collected	  fresh	  from	  the	  reproductive	  tract	  and imaged	  immediately	  following	  incubation	  with	  FURA-­‐2AM,	  with	  all	  embryos	  on	  a	  particular experimental	  day	  imaged	  within	  approximately	  5	  hours	  of	  isolation.	  Additionally	  the “developmental	  age”	  difference	  between	  the	  early	  and	  late	  2-­‐cell	  embryos	  is	  8	  hours	  hence the	  time	  frame	  between	  hypothesised	  synthesis	  of	  the	  ZnT-­‐1	  protein	  at	  the	  early	  2-­‐cell	  stage and	  imaging	  of	  calcium	  influx	  at	  the	  late	  2-­‐cell	  stage	  is	  between	  approximately	  9-­‐	  13	  hours,	  a significantly	  shorter	  time	  frame	  compared	  to	  the	  previous	  study.	  Similarly,	  in	  the	  study	  by Jirakulaporn	  and	  Muslin	  (2004)	  the	  increase	  in	  phospho-­‐ERK	  occurred	  36	  hours	  post 
 109 
transient	  exposure	  to	  zinc	  with	  subsequent	  increase	  in	  TTCC	  translocation	  to	  the	  plasma membrane	  presumably	  occurring	  thereafter.	  Hence	  it	  is	  possible	  that	  ZnT-­‐1	  mediated regulation	  of	  the	  LTCC	  and	  TTCC	  will	  not	  be	  detectable	  at	  the	  2-­‐cell	  stage	  but	  in	  later preimplantation	  stages.	  Future	  studies	  on	  the	  inhibition	  of	  ZnT-­‐1	  protein	  synthesis	  at	  the	  early 2-­‐cell	  stage	  and	  down	  stream	  effects	  will	  be	  necessary	  to	  determine	  if	  ZnT-­‐1	  actively regulates	  the	  surface	  expression	  of	  the	  L-­‐type	  calcium	  channel	  and	  expression	  of	  the	  T-­‐type calcium	  channel	  in	  the	  late	  2-­‐cell	  and	  later	  preimplantation	  embryo	  stages.	  Other	  areas	  of 
study	  would	  include:	  quantifying	  the	  concentration	  of	  the	  β −subunit in	  the	  early	  2-­‐cell	  embryo 
and	  determining	  if	  ZnT-­‐1	  preferentially	  binds	  the	  β −subunit	  as	  seen	  in	  other	  cell	  types	  and 
whether	  excess	  or	  lack	  of	  the	  β −subunit will	  effect	  calcium	  influx	  in	  both	  the	  early	  and	  late	  2-­‐ cell	  preimplantation	  embryos;	  as	  well	  as	  determining	  if	  ZnT-­‐1	  activates	  the	  Ras-­‐ERK signaling	  pathway	  and	  whether	  the	  Ras-­‐ERK	  signaling	  pathway	  influences	  TTCC translocation	  to	  the	  plasma	  membrane	  as	  seen	  in	  other	  cell	  types. 
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5.5	  CONCLUSIONS The	  calcium	  imaging	  results	  showed	  no	  significant	  difference	  in	  calcium	  influx	  between	  the early	  and	  late	  2-­‐cell	  stages,	  which	  suggests	  that	  there	  is	  no	  significant	  regulation	  of	  either	  the L-­‐type	  or	  T-­‐type	  calcium	  channels	  by	  ZnT-­‐1	  across	  the	  2-­‐cell	  stage	  despite	  differential localization	  of	  the	  protein. 
The	  studies	  upon	  which	  these	  experiments	  were	  based	  involved	  deconstruction	  of	  signaling pathways	  to	  draw	  their	  conclusions;	  hence	  given	  the	  preliminary	  nature	  of	  the	  experiments presented	  in	  this	  chapter	  future	  studies	  into	  ZnT-­‐1,	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels and	  the	  signaling	  partners	  involved	  in	  the	  pathways	  previously	  described	  are	  required	  to determine	  if	  there	  is	  a	  relationship	  between	  ZnT-­‐1	  and	  the	  L-­‐type	  and	  T-­‐type	  calcium channels	  in	  preimplantation	  embryo	  development. 
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6	  General	  Discussion 
Preimplantation	  embryo	  development	  is	  critically	  dependent	  on	  calcium	  influx	  via	  the	  L-­‐type calcium	  channel	  (LTCC)	  and	  the	  T-­‐type	  calcium	  channel	  (TTCC),	  as	  inhibition	  of	  these channels	  results	  in	  inhibition	  of	  proper	  gene	  activation	  and	  embryo	  proliferation.	  In	  other	  cell types,	  including	  neonatal	  cardiomyocytes,	  xenopus	  oocytes	  and	  Chinese	  hamster	  ovary	  cells (CHO),	  these	  channels	  have	  been	  shown	  to	  be	  differentially	  regulated	  by	  the	  zinc	  transporter-­‐ 
1	  (ZnT-­‐1)	  protein	  via:	  interference	  with	  the	  β −subunit  responsible	  for	  trafficking	  the	  pore-­‐ forming	  subunit	  of	  the	  LTCC	  to	  the	  plasma	  membrane;	  and	  by	  stimulating	  the	  Ras-­‐ERK signaling	  pathway	  that	  subsequently	  induces	  an	  increase	  in	  TTCC	  translocation	  to	  the	  plasma membrane.	  The	  ZnT-­‐1	  protein	  is	  ubiquitously	  expressed	  and	  is	  regulated	  by	  the	  transcription factor	  MTF-­‐1,	  which	  itself	  is	  induced	  by	  the	  binding	  of	  free	  intracellular	  zinc.	  The	  regulation of	  the	  LTCC	  and	  TTCC	  by	  ZnT-­‐1	  in	  mouse	  preimplantation	  development	  has	  not	  previously been	  investigated.	  This	  study	  aimed	  to	  identify	  the	  differential	  expression	  of	  ZnT-­‐1	  mRNA and	  protein	  across	  different	  stages	  of	  preimplantation	  embryo	  development	  including	  the: oocyte,	  zygote,	  early	  2-­‐cell,	  late	  2-­‐cell,	  4-­‐cell,	  non-­‐compacted	  8-­‐cell,	  compacted	  8-­‐cell, morula	  and	  blastocyst;	  as	  well	  as	  the	  effect	  of	  ZnT-­‐1	  on	  calcium	  influx. Analysis	  of	  the	  transcription	  of	  ZnT-­‐1	  and	  MT-­‐1	  between	  different	  preimplantation	  stages demonstrated	  differential	  rates	  of	  expression. The	  results	  from	  the	  qPCR	  experiments	  demonstrated	  that	  ZnT-­‐1	  mRNA	  expression significantly	  decreases	  at	  the	  non-­‐compacted	  8-­‐cell,	  morula	  and	  blastocyst	  stages	  of	  pre-­‐ implantation	  development	  when	  compared	  to	  the	  oocyte	  and	  late	  2-­‐cell	  stage.	  A	  clear decrease	  in	  ZnT-­‐1	  mRNA	  expression	  is	  seen	  at	  the	  early	  2-­‐cell	  stage	  though	  this	  change	  was not	  found	  to	  be	  significant.	  From	  these	  results,	  it	  was	  hypothesised	  that	  ZnT-­‐1	  protein expression	  would	  be	  highest	  from	  the	  oocyte	  to	  the	  4-­‐cell	  stage	  with	  a	  significant	  decrease 
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from	  the	  non-­‐compacted	  8-­‐cell	  stage	  to	  the	  blastocyst.	  Interestingly	  the	  oocytes	  (along	  with zygotes)	  displayed	  the	  weakest	  staining	  of	  all	  the	  pre-­‐implantation	  stages	  and	  showed	  no plasma	  membrane	  localization.	  Localisation	  to	  the	  plasma	  membrane	  was	  only	  seen	  at	  the	  late 2-­‐cell	  stage.	  It	  is	  evident	  that	  ZnT-­‐1	  transcription	  is	  not	  reflective	  of	  ZnT-­‐1	  translation	  in mouse	  pre-­‐implantation	  embryo	  development. It	  was	  hypothesised	  in	  this	  study	  that	  treatment	  of	  the	  preimplantation	  embryo	  with	  zinc would	  result	  in	  an	  increase	  in	  ZnT-­‐1	  transcription.	  ZnT-­‐1	  transcription	  was	  only	  found	  to increase	  with	  zinc-­‐treatment	  at	  the	  late	  2-­‐cell	  stage	  however	  transcription	  of	  MT-­‐1,	  a	  gene also	  up-­‐regulated	  via	  the	  zinc-­‐MTF-­‐1	  pathway	  was	  found	  to	  respond	  to	  zinc	  at	  several	  stages. Analysis	  of	  the	  transcription	  of	  both	  genes	  between	  different	  preimplantation	  stages demonstrates	  differential	  rates	  of	  expression. 
mRNA	  expression	  in	  the	  zygote	  also	  demonstrated	  interesting	  results	  in	  which	  culture	  in	  the absence	  of	  zinc	  resulted	  in	  a	  decrease	  in	  ZnT-­‐1	  mRNA	  expression,	  suggesting	  that degradation	  of	  maternal	  ZnT-­‐1	  occurs	  earlier	  in	  the	  absence	  of	  zinc	  or	  alternatively	  that	  zinc maintains	  transcription	  in	  the	  zygote.	  The	  maternal-­‐to-­‐zygotic	  transition	  in	  the	  mouse	  initiates during	  the	  zygote	  stage	  with	  zygotic	  genome	  activation	  completed	  by	  the	  2-­‐cell	  stage	  (Ma	  et al.	  2001)	  hence	  it	  is	  possible	  that	  the	  presence	  of	  zinc	  results	  in	  an	  increase	  in	  transcription	  of ZnT-­‐1	  compared	  with	  zygotes	  cultured	  in	  the	  absence	  of	  zinc	  and	  considering	  that	  in	  vivo developed	  fresh	  embryos	  would	  have	  been	  exposed	  to	  some	  unknown	  concentration	  of	  zinc,	  it is	  reasonable	  that	  the	  transcription	  level	  is	  the	  same	  as	  in	  zygotes	  cultured	  in	  the	  presence	  of zinc.	  An	  increase	  in	  ZnT-­‐1	  mRNA	  expression	  is	  seen	  at	  the	  late	  2-­‐cell	  stage,	  as	  seen	  in	  fresh embryos	  and	  embryos	  cultured	  in	  the	  presence	  of	  zinc,	  however	  this	  increase	  was	  not significant. 
Previous	  studies	  on	  ZnT-­‐1	  expression	  in	  the	  intestine	  have	  demonstrated	  that	  mRNA	  and protein	  do	  not	  necessarily	  correlate	  (McMahon	  et	  al.	  1998)	  and	  that	  there	  may	  be	  a 
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mechanism	  for	  post-­‐transcriptional	  regulation	  of	  the	  protein	  (Sekler	  et	  al.	  2002).	  From	  the qPCR	  results	  obtained	  in	  chapter	  3,	  if	  translation	  was	  representative	  of	  transcription	  we	  would anticipate	  a)	  staining	  of	  the	  ZnT-­‐1	  protein	  to	  be	  higher	  in	  the	  first	  half	  of	  preimplantation development	  than	  in	  the	  latter	  half	  of	  development;	  b)	  staining	  of	  ZnT-­‐1	  to	  be	  highest	  at	  the late	  2-­‐cell	  stage;	  c)	  staining	  of	  ZnT-­‐1	  at	  the	  late	  2-­‐cell	  stage	  to	  be	  the	  highest	  in	  the	  zinc-­‐ cultured	  group. The	  immunofluorescent	  staining	  results	  demonstrated	  overall	  staining	  of	  ZnT-­‐1	  to	  be	  highest from	  the	  early	  2-­‐cell	  stage	  until	  the	  morula	  stage	  in	  most	  groups.	  The	  punctate-­‐pattern	  of staining	  visualized	  at	  the	  early	  2-­‐cell	  stage	  and	  the	  4-­‐cell	  to	  morula	  stages	  are	  hypothesised	  to represent	  protein	  synthesis	  and	  degradation	  respectively.	  ZnT-­‐1	  staining	  did	  appear	  to	  be brightest	  at	  the	  late	  2-­‐cell	  stage	  and	  its	  localization	  around	  the	  periphery	  of	  the	  blastomeres	  is indicative	  of	  its	  functional	  capacity	  to	  facilitate	  zinc-­‐efflux.	  Comparisons	  of	  ZnT-­‐1	  protein	  at the	  late	  2-­‐cell	  stage	  did	  not	  illustrate	  any	  discernible	  differences	  between	  culture	  groups. From	  this	  we	  determine	  that	  translation	  of	  ZnT-­‐1	  is	  not	  representative	  of	  ZnT-­‐1	  transcription and	  that	  perhaps	  translation	  at	  the	  late	  2-­‐cell	  stage	  occurs	  at	  a	  maximal	  level	  regardless	  of exogenous	  stimulation	  of	  transcription.	  This	  could	  perhaps	  be	  a	  result	  of	  a	  certain	  level	  of redundancy	  offered	  by	  an	  alternative	  mechanism	  for	  zinc	  efflux.	  This	  idea	  is	  supported	  by	  the findings	  of	  Kim,	  Berhardt	  et	  al.	  (2011)	  who	  discovered	  a	  phenomenon	  in	  mouse	  zygotes	  they termed	  “zinc	  sparks”.	  The	  authors	  discuss	  a	  potential	  role	  for	  zinc	  in	  the	  maturing	  oocyte, where	  intracellular	  levels	  of	  zinc	  increase	  by	  over	  50%	  and	  more	  than	  1010	  atoms	  per	  egg 
during	  the	  final	  stages	  of	  maturation.	  Upon	  fertilization,	  calcium	  oscillations	  are	  initiated	  and these	  induce	  rapid	  and	  mass	  ejection	  of	  zinc-­‐	  termed	  “zinc	  sparks”-­‐	  that	  occur	  between	  one	  to five	  times	  over	  the	  course	  of	  the	  first	  90	  minutes	  following	  activation.	  Given	  the immunofluorescent	  results	  in	  this	  study	  failed	  to	  show	  any	  discernible	  ZnT-­‐1	  protein expression	  at	  the	  zygote	  stage	  (either	  cytoplasmic	  or	  plasma-­‐membrane	  bound),	  it	  is	  evident 
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that	  this	  mass	  ejection	  of	  zinc	  at	  egg	  activation	  is	  facilitated	  by	  some	  mechanism	  other	  than ZnT-­‐1-­‐mediated	  efflux. 
Current	  ART	  and	  IVF	  technologies	  practice	  fertilization	  of	  the	  oocyte	  and	  culture	  of preimplantation	  embryos	  in	  the	  presence	  of	  a	  metal	  chelating-­‐agent	  and	  thus	  a	  zinc-­‐free	  media (Biggers	  et	  al.	  2008),	  despite	  rat	  uterine	  fluid	  containing	  7.6	  ug/g	  zinc	  (Gallaher	  et	  al.	  1980). Addition	  of	  zinc	  has	  been	  shown	  to	  inhibit	  maturation	  of	  the	  bovine	  pre-­‐implantation	  embryo as	  well	  as	  development	  beyond	  the	  2-­‐	  and	  4-­‐cell	  stages	  (Stephenson	  et	  al.	  1999).	  Pre-­‐ implantation	  embryos	  fertilized	  and	  cultured	  in	  the	  absence	  of	  zinc	  appear	  morphologically normal.	  Previous	  studies	  on	  both	  rat	  and	  mouse	  embryos	  have	  demonstrated	  sensitivity	  of embryos	  to	  a	  zinc-­‐deficient	  diet	  when	  administered	  to	  pregnant	  dams	  during	  the	  pre-­‐ implantation	  period,	  which	  results	  in	  abnormal	  morphology,	  decreased	  rate	  of	  development and	  aberrant	  gene	  expression	  (Hurley	  et	  al.	  1975).	  In	  1975	  Hurley	  and	  Shrader	  demonstrated that	  rat	  dams	  fed	  a	  zinc-­‐deficient	  diet	  from	  day	  0	  of	  fertilistation	  (mated	  and	  confirmed	  by	  the presence	  of	  a	  vaginal	  plug)	  until	  day	  3	  resulted	  in	  a	  decrease	  in	  normal	  8-­‐16	  cell	  embryos. This	  result	  was	  further	  exacerbated	  when	  the	  deficiency	  was	  extended	  to	  4	  days.	  Abnormal morphology	  was	  defined	  by	  observations	  of	  necrosis	  and	  nuclear	  fragmentation,	  low	  numbers of	  cells	  and	  irregular	  orientation	  and	  size	  of	  blastomeres.	  The	  authors	  hypothesised	  that	  the zinc	  deficient-­‐induced	  morphological	  abnormalities	  were	  the	  result	  of	  impaired	  nucleic	  acid synthesis. Peters	  et	  al	  (1991)	  expanded	  upon	  the	  study	  by	  analyzing	  the	  effect	  of	  a	  zinc-­‐deficient	  diet	  in the	  mouse.	  Their	  experiments	  consisted	  of	  zinc-­‐starvation	  for	  1	  and	  4	  days	  prior	  to	  HCG injection	  with	  embryos	  collected	  at	  the	  late	  2-­‐cell	  stage.	  Analysis	  confirmed	  that	  both	  cases	  of zinc-­‐starvation	  resulted	  in	  a	  decrease	  in	  plasma	  zinc	  concentration.	  Their	  results	  demonstrated a	  decrease	  in	  the	  number	  of	  embryos	  recovered	  from	  6-­‐day	  zinc-­‐deficient	  dams	  as	  well	  as	  a 
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decreased	  rate	  of	  cleavage	  and	  an	  increase	  in	  the	  number	  of	  embryos	  recovered.	  Whilst	  the morphology	  of	  the	  2-­‐cells	  recovered	  from	  both	  groups	  appeared	  comparable	  with	  the	  controls at	  the	  time	  of	  isolation,	  3-­‐day	  zinc-­‐deficient	  embryos	  appeared	  to	  have	  a	  slower	  (insignificant) rate	  of	  development	  to	  the	  blastocyst	  stage	  as	  well	  as	  decreased	  cell	  numbers.	  The	  6-­‐day	  zinc-­‐ deficient	  embryos	  however	  showed	  a	  significant	  increase	  in	  degeneration	  as	  well	  as significant	  decreases	  in	  blastocyst	  numbers,	  cavitation	  and	  cell	  number.	  Interestingly,	  when embryos	  starved	  under	  the	  same	  conditions	  were	  supplemented	  with	  zinc	  in	  the	  culture	  media, neither	  group	  demonstrated	  any	  capacity	  for	  recovery. From	  both	  of	  these	  studies	  it	  is	  evident	  that	  zinc-­‐starvation	  of	  the	  dam	  results	  in morphologically	  abnormal	  preimplantation	  embryos	  that	  cannot	  recover	  with	  zinc supplementation.	  Comparing	  the	  studies	  by	  Hurley	  and	  Shrader	  (1975)	  and	  Peters	  et	  al	  (1991) it	  would	  appear	  that	  the	  common	  time	  frame	  between	  both	  is	  from	  day	  0	  to	  day	  2	  and	  perhaps zinc-­‐deficiency	  has	  it’s	  detrimental	  morphological	  impact	  during	  that	  period.	  However ART/IVF	  procedures	  also	  involve	  zinc	  deficiency	  during	  fertilization	  of	  mature	  oocytes	  and subsequent	  culture	  from	  day	  0	  to	  day	  2	  and	  beyond	  but	  do	  not	  result	  in	  significant abnormalities	  in	  morphology	  (Figure	  6.1).	  Therefore	  it	  could	  be	  postulated	  that	  the	  zinc-­‐ deficiency	  affects	  the	  oocyte	  in	  the	  process	  of	  maturation.	  This	  hypothesis	  is	  further supported	  by	  the	  results	  presented	  by	  Peters	  et	  al	  (1991)	  who	  demonstrate	  that	  adverse embryo	  morphology	  is	  exacerbated	  by	  earlier	  and	  more	  prolonged	  exposure	  to	  zinc-­‐ deficiency	  during	  in	  vivo	  development. 
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Figure	  6.1	  Periods	  of	  zinc-­‐deficiency	  at	  different	  stages	  of	  oocyte	  and	  preimplantation development.	  ART/IVF	  (green)	  produce	  morphologically	  normal	  oocytes	  and	  embryos. Separate	  studies	  of	  zinc	  deficiency	  from	  day	  0	  (ovulation)	  to	  day	  3	  and	  day	  4,	  as	  well	  as	  days (-­‐)4	  and	  (-­‐)1	  (pre-­‐ovulation)	  to	  day	  2	  resulted	  in	  abnormal	  8-­‐16	  cell	  embryos	  and	  blastocysts and	  blastocysts	  respectively. 
The	  oocyte	  is	  considered	  to	  be	  transcriptionally	  silent	  however	  this	  notion	  is	  disputed therefore	  it	  is	  a	  possibility	  that	  zinc	  may	  have	  a	  role	  in	  transcription	  during	  the	  late	  stages	  of oocyte	  maturation.	  A	  study	  by	  Tian	  and	  Diaz	  in	  2013	  demonstrated	  that	  zinc-­‐deficiency	  pre-­‐ ovulation	  results	  in	  decreased	  in	  vitro	  fertilization	  potential,	  decreased	  in	  vivo	  fertilization	  and decreased	  blastocyst	  development.	  Interestingly	  the	  authors	  also	  found	  compromised epigenetic	  programming	  including	  deregulated	  hypo-­‐	  and	  hypermethylation	  of	  global	  DNA. In	  this	  study,	  mouse	  dams	  were	  subjected	  to	  zinc-­‐starvation	  3	  or	  5	  days	  prior	  to	  ovulation. The	  findings	  demonstrated	  decreased	  silencing	  of	  some	  transcripts	  as	  well	  as	  a	  significant increase	  in	  the	  number	  of	  transcripts	  for	  various	  repetitive	  elements.	  In	  vitro	  studies demonstrated	  no	  change	  in	  ovulation	  rate	  however	  a	  decrease	  in	  the	  number	  of	  fertilized embryos	  developing	  to	  the	  2-­‐cell	  stage	  with	  3	  days	  of	  zinc-­‐starvation,	  which	  was	  exacerbated under	  5	  days	  of	  zinc-­‐starvation.	  Embryos	  were	  found	  to	  have	  failed	  to	  reach	  metaphase	  II, failed	  to	  undergo	  pronucleus	  fusion	  and	  demonstrated	  a	  disorganized	  chromatin	  structure.	  In 
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vivo	  studies	  did	  not	  demonstrate	  a	  change	  in	  the	  numbers	  of	  oocytes	  ovulated,	  however fertilization	  and	  blastocyst	  development	  rates	  were	  also	  negatively	  impacted.	  The deregulation	  of	  methylation	  and	  decreased	  fertilization	  potential	  were	  shown	  to	  be	  associated. In	  vitro	  fertilization	  decreased	  following	  zinc-­‐starvation,	  however	  the	  fertilization	  rate	  was rescued	  with	  the	  addition	  of	  –adenosylmethionine	  (SAM).	  SAM	  is	  a	  methyl	  donor	  and	  was added	  to	  culture	  during	  the	  maturation	  of	  the	  oocyte;	  as	  such	  it	  was	  seen	  to	  alleviate	  the decreased	  chromatic	  methylation	  resultant	  of	  zinc-­‐starvation.	  The	  authors	  postulated	  that zinc-­‐starvation	  affects	  protein	  required	  for	  methylation	  during	  oocyte	  maturation.	  One example	  is	  a	  lysine	  methyltransferase	  protein-­‐	  mixed	  lineage	  leukaemia	  2	  (MLL2),	  which	  has been	  demonstrated	  to	  catalyse	  the	  trimethylation	  of	  H3K4	  in	  oocytes.	  Deletion	  of	  MLL2	  and subsequent	  loss	  of	  tri-­‐	  and	  dimethylation	  of	  H3K4	  were	  linked	  to	  ovulation	  failure,	  failed transcriptional	  silencing,	  increased	  expression	  of	  repetitive	  elements	  and	  infertility-­‐ pathogenesis	  similar	  to	  that	  which	  resulted	  from	  zinc-­‐starvation.	  MLL2	  is	  a	  zinc-­‐binding protein	  hence	  zinc-­‐starvation	  could	  potentially	  disrupt	  its	  methylation	  activity	  and	  therefore produce	  compromised	  oocytes. It	  has	  been	  shown	  in	  cardiomyocytes	  that	  an	  increase	  in	  ZnT-­‐1	  protein	  differentially	  affects the	  LTCC	  and	  TTCC	  via	  decreased	  translocation	  to	  the	  plasma	  membrane	  and	  increased surface	  expression	  respectively	  (Levy	  et	  al.	  2009;	  Mor	  et	  al.	  2012).	  As	  such	  it	  was hypothesised	  that	  an	  increase	  in	  ZnT-­‐1	  protein	  would	  similarly	  affect	  the	  same	  calcium channels	  in	  the	  pre-­‐implantation	  embryo	  and	  therefore	  alter	  the	  concentration	  of	  calcium influx.	  Calcium	  imaging	  of	  the	  early	  and	  late	  2-­‐cell	  embryos,	  when	  the	  ZnT-­‐1	  protein	  is synthesized	  and	  translocated	  to	  the	  plasma	  membrane	  respectively,	  demonstrated	  no difference	  in	  calcium	  influx.	  In	  the	  present	  study,	  the	  increase	  in	  ZnT-­‐1	  protein	  expression	  at the	  late	  2-­‐cell	  stage	  did	  not	  correlate	  with	  any	  change	  in	  VGCC	  activity.	  The	  hypothesis presented	  in	  this	  study	  was	  based	  upon	  previous	  studies	  that	  demonstrated	  that	  a)	  the	  ZnT-­‐1 
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protein	  preferentially	  binds	  the	  β −subunit responsible	  for	  trafficking	  the	  pore-­‐forming	  α-­‐ subunit	  of	  the	  L-­‐type	  calcium	  channel	  to	  the	  plasma	  membrane	  thereby	  reducing	  calcium influx	  via	  this	  channel	  (Levy	  et	  al.	  2009);	  and	  b)	  that	  ZnT-­‐1	  activated	  the	  Ras-­‐ERK	  signaling pathway	  that	  resulted	  in	  an	  increase	  in	  surface	  expression	  of	  the	  T-­‐type	  calcium	  channel	  at	  the plasma	  membrane	  and	  subsequently	  facilitated	  calcium	  influx	  via	  this	  channel	  (Jirakulaporn et	  al.	  2004;	  Mor	  et	  al.	  2012).	  In	  both	  cases,	  the	  ZnT-­‐1	  effect	  on	  the	  respective	  calcium channel	  occurred	  via	  interaction(s)	  with	  one	  or	  more	  signaling	  partners	  over	  a	  time	  course	  of between	  24	  hours	  to	  5	  days.	  In	  this	  study,	  we	  attempted	  to	  replicate	  the	  findings	  between ZnT-­‐1	  and	  the	  LTCC	  and	  TTCC	  without	  confirmation	  or	  quantification	  of	  interactions between	  ZnT-­‐1	  and	  other	  partners	  as	  demonstrated	  in	  previous	  studies.	  One	  such	  example	  is 
quantification	  of	  the	  β −subunit . Levy	  et	  al	  (2009)	  showed	  that	  ZnT-­‐1	  attenuation	  of	  the	  L-­‐type 
calcium	  channel	  could	  not	  occur	  in	  the	  absence	  nor	  excess	  of	  the	  β −subunit . Considering	  the L-­‐type	  calcium	  channel	  is	  known	  to	  be	  active	  in	  the	  2-­‐cell	  embryo	  (Lu	  et	  al.	  2003),	  as	  RT-­‐ 
PCR	  studies	  have	  detected	  the	  presence	  of	  the	  pore-­‐forming	  α1c	  subunit	  at	  this	  stage	  (Lu	  et	  al. 
2003),	  it	  would	  be	  of	  interest	  to	  quantify	  the	  β −subunit  in	  order	  to	  determine	  if	  it	  is	  in	  excess and	  therefore	  masking	  the	  ZnT-­‐1	  mediated	  effect. Another	  point	  of	  interest	  would	  be	  to	  determine	  if	  the	  relationship	  between	  ZnT-­‐1	  and	  Raf-­‐1 of	  the	  Ras-­‐ERK	  signaling	  pathway	  that	  was	  seen	  in	  cardiomyocytes	  (Jirakulaporn	  et	  al.	  2004) is	  replicated	  in	  the preimplantation	  embryo	  and	  whether	  or	  not	  an	  increase	  in	  ERK	  activation results	  in	  increased	  surface	  expression	  of	  the	  TTCC	  in	  the	  plasma	  membrane	  of	  pre-­‐ implantation	  embryos	  (Mor	  et	  al.	  2012). 
Additionally,	  as	  mentioned	  in	  chapter	  5,	  the	  time	  course	  of	  experimentation	  from	  which	  it was	  determined	  that	  ZnT-­‐1	  inhibited	  LTCC	  translocation	  to	  the	  plasma	  membrane	  and stimulated	  TTCC	  expression	  ranged	  from	  24	  hours	  and	  5	  days	  (Levy	  et	  al.	  2009;	  Beharier	  et 
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al.	  2010;	  Mor	  et	  al.	  2012).	  In	  the	  present	  study,	  an	  attempt	  was	  made	  to	  determine	  a	  change	  in calcium	  influx	  at	  two	  time	  points	  within	  the	  same	  preimplantation	  embryo	  stage	  within	  a	  time course	  of	  between	  approximately	  9-­‐	  13	  hours.	  Hence	  the	  interactions	  seen	  previously	  between 
ZnT-­‐1	  and	  the	  β −subunit as	  well	  as	  the	  Ras-­‐ERK	  signaling	  pathway	  may	  require	  a	  longer	  time course	  than	  that	  which	  is	  possible	  given	  embryo	  development	  during	  the	  2-­‐cell	  stage.	  Hence additional	  studies	  on	  the	  effect	  of	  ZnT-­‐1	  expression	  and	  knock	  out	  on	  calcium	  influx	  at	  the early	  and	  late	  2-­‐cell	  stage,	  as	  well	  as	  later	  preimplantation	  stages,	  may	  provide	  greater	  insight into	  the	  role	  of	  ZnT-­‐1	  regulation	  of	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels. 
Therefore,	  although	  no	  positive	  correlation	  between	  ZnT-­‐1	  and	  the	  L-­‐type	  or	  T-­‐type	  calcium channels	  could	  be	  drawn	  from	  this	  study,	  the	  gap	  in	  understanding	  of	  ZnT-­‐1	  regulation	  and interaction	  with	  other	  binding	  and	  signaling	  partners	  as	  well	  as	  the	  time	  course	  required provides	  additional	  avenues	  of	  study.	  Hence,	  whilst	  the	  hypothesis	  that	  ZnT-­‐1	  interacts	  with the	  L-­‐type	  and	  T-­‐type	  calcium	  channels	  in	  the	  mouse	  preimplantation	  embryo	  cannot	  be accepted,	  neither	  can	  the	  null	  hypothesis	  without	  further	  investigation. 
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7	  Conclusion This	  study	  is	  the	  first	  to	  illustrate	  the	  expression	  of	  ZnT-­‐1	  mRNA	  and	  protein	  in	  the	  mouse oocyte	  and	  preimplantation	  embryo.	  In	  contrast	  to	  previous	  studies	  performed	  on	  other	  cell types,	  the	  results	  in	  this	  study	  indicate	  that	  there	  is	  ZnT-­‐1	  transcriptional	  or	  translational activity	  at	  distinct	  stages	  of	  preimplantation	  development.	  It	  would	  appear	  that	  the preimplantation	  embryo	  translates	  ZnT-­‐1	  protein	  at	  the	  early	  2-­‐cell	  stage,	  which	  becomes localized	  to	  the	  plasma	  membrane	  and	  thus	  functional	  by	  the	  late	  2-­‐cell	  stage,	  regardless	  of exposure	  to	  exogenous	  zinc. 
The	  present	  study	  did	  not	  demonstrate	  a	  link	  between	  ZnT-­‐1	  expression	  and	  Ca2+	  influx	  in	  the 
2-­‐cell	  embryo,	  which	  suggests	  that	  ZnT-­‐1	  does	  not	  have	  an	  effect	  on	  either	  the	  L-­‐type	  nor	  T-­‐ type	  calcium	  channels.	  However	  the	  interactions	  between	  ZnT-­‐1	  and	  other	  partners	  were	  not examined	  in	  this	  study,	  therefore	  additional	  avenues	  for	  investigation	  exist. 
Further	  investigations	  will	  be	  required	  to	  determine	  whether	  a	  zinc-­‐deficient	  diet	  fed	  to	  the dam	  during	  the	  maturation	  of	  the	  oocyte	  will	  affect	  the	  expression	  of	  ZnT-­‐1	  mRNA	  and protein	  expression	  in	  the	  ovulated	  oocyte	  and	  preimplantation	  embryos	  and	  whether	  or	  not subsequent	  zinc	  supplementation	  will	  be	  able	  to	  rescue	  or	  alleviate	  any	  adverse	  findings. 
Interactions	  between	  ZnT-­‐1	  and	  the	  β −subunit and	  Ras-­‐ERK	  signaling	  pathway	  will	  be required	  to	  determine	  if	  ZnT-­‐1	  expressed	  in	  the	  preimplantation	  embryo	  has	  the	  capacity	  to regulate	  the	  L-­‐type	  and	  T-­‐type	  calcium	  channels	  as	  shown	  in	  other	  cell	  types;	  and	  whether ZnT-­‐1	  knock	  out	  will	  result	  in	  a	  change	  in	  L-­‐type	  and	  T-­‐type	  calcium	  channel	  surface expression	  and	  calcium	  influx.	  Investigation	  on	  zinc	  efflux	  will	  also	  be	  required	  to	  determine whether	  ZnT-­‐1	  is	  functional	  at	  the	  late	  2-­‐cell	  stage	  compared	  with	  other	  stages. 
 123 
In	  conclusion,	  ZnT-­‐1	  mRNA	  is	  expressed	  at	  all	  stages	  of	  preimplantation	  development;	  ZnT-­‐ 1	  protein	  is	  expressed	  from	  the	  early	  2-­‐cell	  stage	  to	  the	  blastocyst	  and	  localized	  to	  the	  plasma membrane	  at	  the	  late	  2-­‐cell	  stage.	  No	  relationship	  between	  ZnT-­‐1	  and	  calcium	  influx	  (via	  the L-­‐type	  and	  T-­‐type	  calcium	  channels)	  could	  be	  established. 
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